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SUMMARY 


A  literature  review  which  included  tracking  atudiea  conducted  from  various 
theoretical  perspectives  over  several  decades  was  performed.  Three  major  areas 
were  emphasised:  (1)  typical  patterns  of  response  in  simple  target-acquisition 
and  tracking  tasks;  (?)  development  of  tracking  skill  under  various  conditions 
of  training  and  practice;  and  (3)  the  Impact  of  dual-task  conditions  on  tracking 
performance.  A  framework  for  interpreting  the  various  theoretical  constructs 
and  empirical  findings  was  presented.  This  framework  is  based  on  the  notion  of 
response  organisation.  Based  on  the  empirical  findings,  as  Interpreted  within 
this  framework,  the  following  principles  of  response  organisation  were  inferred: 

1.  Responses  become  organised  by  the  degree  and  type  of  predictability 
in  the  input  signal.  The  term  predictability  refers  to  the  operator's  ability 
to  anticipate  changes  in  the  signal,  not  a  purely  mathematical  calculation  of 
uncertainty. 

2.  Response  organization  can  be  characterised  in  the  spatial  and  temporal 
domains.  These  two  domains  are  not  independent,  but  temporal  organization  tends 
to  develop  before  spatial  organization,  regardless  of  the  extent  of  organization 
possible  in  either  domain. 

3.  The  most  important  property  of  the  input  signal,  with  respect  to 
response  organization,  ia  bandwidth.  Changes  in  the  input  signal  which  occur 
too  rapidly  may  demand  responses  which  are  beyond  human  capabilities.  An 
implicit  assumption  of  the  principles  in  the  following  discussion  Is  that 
required  responses  are  within  the  operator's  limitations. 

4.  If  a  task  does  not  permit  effective  anticipation  of  responses  in  time, 
then  the  extent  of  response  organization  is  quite  limited.  Behavior  in  these 
tasks  is  aptly  described  as  reaction  to  observed  error;  the  operator's  manipu¬ 
lation  of  the  control  device  tends  to  lag  behind  changes  in  the  input  signal. 

a.  .  Temporal  organization  in  these  tasks  is  limited  to  a  decrease  in 
response  latency.  Response  latency  tends  to  approach  the  well-established 
limits  on  human  reaction  time  (e.g.,  200-300  ms  for  manual  response  to  a  visual 
stimulus) . 

b.  Spatial  organization  is  limited  to  a  refinement  of  the  amplitude 
(accuracy)  of  responses.  If  a  variety  of  response  amplitudes  are  required,  the 
observed  amplitudes  of  the  initial  response  tend  to  regress  toward  the  mean 
required  amplitude.  For  example,  if  the  input  function  is  an  irregular  step 
function,  the  operator  will  tend  to  overshoot  the  small  step  sizes  and  under¬ 
shoot  the  larger  step  sizes. 

c.  Inability  to  effectively  anticipate  responses  in  time  may  result 
from  inherent  unpredictability  in  the  input  signal  with  respect  to  time  and 
space,  or  from  changes  that  are  so  gradual  or  infrequent  that  the  operator 
cannot  time  the  responses  accurately. 

5.  Effective  anticipation  of  responses  in  time  is  facilitated  by  the  pro¬ 
vision  of  preview  on  the  display.  If  a  preview  is  not  provided,  then  effective 
anticipation  can  arise  from  sufficient  experience  with  a  repetitive  waveform 
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such  as  a  a in*  wav a.  Tha  axtant  of  experience  required  lncraaaaa  with  the 
complexity  of  tha  wavafoca. 

• 

6.  If  a  talk  doaa  facilltata  effective  anticipation,  than  tha  taaponaaa 
will  not  tand  to  uniformly  lag  behind  the  input  aignal.  Tha  taaponaaa  will 
tend  to  produce  a  cloaer  correapondence  between  changaa  in  tha  input  aignal  and 
changaa  in  tha  output  aignal  than  la  obtained  ftoa  moment-by-moment  raactlona 
to  the  input  aignal.  Tha  nature  of  tha  raaponaa  organisation  la  determined  by 
tha  axtant  and  type  of  predictability  in  the  input  aignal. 

a.  If  both  the  direction  and  aaplitude  of  input  aignal  changes  are  * 

highly  predictable,  but  tha  tanporal  pattern  ia  highly  unpredictable,  than 
anticipation  will  occur,  although  it  may  be  relatively  inaccurate  in  tine.  The 

duration  of  intarvala  between  responses  will  tend  to  regress  toward  the  naan  of 

the  intervals  between  input  signal  changes.  For  example,  if  the  input  function 

is  a  step  function  that  is  spatially  predictable  but  temporally  irregular,  then  « 

the  operator  will  tend  to  lead  the  long-step  durations  and  lag  the  short-step 

dura  tlons . 

b.  If  the  temporal  pattern  is  highly  predictable  and  the  spatial 
pattern  t>$  at  least  predictable  with  respect  to  direction,  then  anticipation 
will  develop  quickly  and  will  be  quite  accurate.  Spatial  accuracy  may  show 
little  if  any  improvement  with  practice,  unless  a  quite  extensive  practice 
regimen  is  used. 

7.  As  task  unpredictability  is  Increased,  its  impact,  in  terms  of  dis¬ 
rupting  response  organization,  may  Increase  disproportionately.  At  moderate 
levels  of  unpredictability,  response  anticipation  may  be  largely  suppressed. 

That  is,  the  effect  of  the  unpredictability  may  be  more  pronounced  than  would 

be  predicted  by  extrapolation  from  lower  levels  of  Inherent  unpredictability.  ! 

This  interpretive  framework  made  it  possible  to  predict  how  the  process 
of  response  organization  is  affected  by  the  type  and  extent  of  predictability 
In  the  task,  and  how  those  effects  are  reflected  in  the  correlation  matrices 
based  on  extended  practice  of  a  task.  Briefly,  we  argued  that  the  process  of 
response  organization  produces  a  superdiagonal  form  in  the  correlation  matrix. 

We  predicted  that  the  development  of  response  organization  is  evidence  by  a  < 

pattern  of  increasing  correlation  coefficients  in  the  first  off-diagonal  of  the 
matrix,  up  to  a  point  where  the  magnitude  of  these  correlations  stabilizes  and 
then  exhibits  no  further  upward  or  downward  trends.  The  point  at  which  the  { 

correlations  stabilize  represents  the  point  at  which  response  organization  * 

stabilizes.  We  also  predicted  that  the  magnitude  of  the  correlations  in  the  \ 

first  off-diagonal  will  systematically  vary  as  a  function  of  task  unpredicta-  ] 

bility.  Another  prediction  was  that  the  extent  of  practice  required  for  these 
correlations  to  stabilize  will  systematically  vary  as  a  function  of  the  com¬ 
plexity  of  the  predictable  task  components.  i 

.  ; 

Review  of  the  dual-task  literature  revealed  that  performance  of  a  tracking 
task  is  almost  invariably  degraded  if  a  concurrent  task  is  added.  The  theoret¬ 
ical  accounts  of  this  performance  decrement  have  tended  to  focus  on  the  notion  J 

of  time-sharing.  In  terms  of  response  organization,  the  one  relevant  study  we  * 

reviewed  suggested  that  the  response  organization  is  severely  disrupted  by  dual-  * 

task  conditions,  and  that  performance  reverts  to  moment-by-moment  corrections.  > 


Tbs  study  nut  not  dear  whether  this  disruption  could  bo  rouodiod  by  further 
prsotlco  in  duml-task  conditions.  Wo  ontortslnod  too  possibilities:  (1)  the 
disruption  cousod  by  e  second  task  night  be  lessened  if  the  primary  task  Is 
extensively  practiced  alone,  thereby  allowing  response  organisation  to  stablllsa; 
or  (2)  the  response  organisation  which  develops  in  single- task  practice  night 
actually  be  inappropriate  for  dual-task  performance,  thereby  rendering  dual¬ 
task  practice  essential  for  the  development  of  a  response  organisation  which 
accommodates  both  tasks. 

A  small-scale  experiment  was  conducted,  designed  to  allow  at  least  a  pre¬ 
liminary  assessment  of  theoretical  and  practical  issues  raised  by  the  possi¬ 
bilities  pointed  out  earlier.  A  whole-task  condition  was  created  in  which  a 
complex  tracking  task,  which  facilitated  response  organisation,  was  performed 
alone  at  the  beginning  of  the  trial,  followed  by  concurrent  performance  of  the 
primary  task  and  a  simple  target-acquisition  task  which  did  not  facilitate 
response  organisation.  Three  groups  of  subjects  performed  this  whole  task  in 
transfer  conditions;  they  differed  in  that  they  had  received  different  training 
regimens  on  the  previous  day.  One  group  received  whole-task  training;  they 
practiced  the  whole  task  exactly  as  it  was  to  be  performed  on  the  following 
day.  The  other  two  groups  practiced  both  component  tasks  separately  on  the 
first  day;  one  of  these  groups  received  twice  as  much  practice  on  the  target- 
acquisition  task  as  compared  to  the  other  part-task  group. 

The  results  indicated  that  the  groups  were  roughly  equal  in  proficiency  on 
the  primary  task  during  the  slpgle-task  segment  of  performance.  The  whole-task 
group  had  an  advantage  in  proficiency  'on  the  primary  task  during  the  dual-task 
segment,  and  this  advantage  Increased  throughout  performance  on  day  2.  The  part- 
task  groups  had  an  initial  advantage  in  proficiency  on  the  target-acquisition 
task,  but  this  advantage  decreased  across  performance  on  day  2.  Further  analyses 
were  performed  on  the  primary  tracking  task  data,  to  assess  response  organisation 
in  the  single-  vs.  dual-task  segments  of  a  trial,  and  to  assess  differences  among 
the  groups  in  response  organisation.  The  timing  of  responses  in  each  segment 
was  assessed,  and  over  all  groups  it  was  found  that  dual-task  performance  was 
characterised  by  fewer  numbers  of  responses  which  were  in  synchrony  with  the 
Input  signal,  end  greater  numbers  of  lead  errors,  lag  errors,  and  instances  in 
which  no  response  was  made  (as  compared  with  single-task  performance);  this 
alone  was  not  surprising.  However,  when  tbs  correlations  among  the  frequencies 
of  each  response  type  and  overall  performance  were  examined  as  function  of 
trial  segment  (single-  vs.  dual-task)  and  group,  an  interesting  pattern  was 
found.  In  the  single- task  segment,  better  performance  was  highly  correlated 
with  higher  numbers  of  synchronous  responses,  and  lower  numbers  of  leads,  iags, 
and  omissions.  This  pattern  was  equally  true  for  all  groups.  In  the  dual-task 
segment,  however,  better  performance  was  highly  correlated  with  higher  numbers 
of  synchronous  responses  and  leads,  and  lower  numbers  of  lags  and  omissions. 

This  pattern  suggested  that  the  subjects  learned  to  improve  performance  by  com¬ 
mitting  lead  errors,  perhaps  to  accommodate  shift  of  visual  attention  to  the 
target-acquisition  display.  However,  this  pattern  is  descriptive  of  the  whole- 
task  training  group  only.  One  part-task  training  group  did  not  show  this  pat¬ 
tern,  except  that  the  number  of  leads  was  positively  correlated  with  performance. 
The  other  correlations  were  very  low,  suggesting  that  their  respouses  in  the 
dual-task  segment  were  not  veil  organized.  The  other  part-task  group  seemed 
to  be  somewhat  better  organised,  but  not  nearly  to  the  extent  exhibited  by  the 
whole- task  group. 
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KWHAMCKMKNT  OF  HUMAN  FK&PORMANC1  IN 
MANUAL  TAX.GKT  ACQUISITION  AND  HACKING 


INTRODUCTION 

The  pilot  of  a  aodern  tactical  aircraft  auat  parfora  a  number  of  complex 
paychoaotor  tasks  during  the  course  of  a  alasloo.  Tha  basic  task  of  main¬ 
taining  eoatrollad  flight  eartalaly  baa  coaplax  paychoaotor  components,  and  in 
aoaa  typaa  of  missions,  tha  pilot  aay  ba  required  to  parfora  othar  paychoaotor 
taaka  while  aaintaining  flight  control.  For  example,  a  coaaon  profile  for  a 
low-altitude  air-to-ground  alaalon  cal  la  for  tha  pilot  to  fly  doau  to  tha 
terrain  while  navigating  to  a  predate  rained  point,  than  aacand  ("pop")  to  a 
aoaewhat  higher  altitude,  acquire  and  track  tha  intended  ground  target,  release 
tha  appropriate  weapon,  and  finally  to  descend  again  cloaa  to  tha  terrain  for 
agraaa.  During  tha  tlae  spent  at  tha  higher  altitude,  the  aircraft  la  more 
vulnerable  to  detection  and  engagement  by  aneay  air  defenae  systems.  It  is 
desirable,  therefore,  that  tha  taaka  required  for  successful  target  acquisition 
and  tracking  be  performed  as  rapidly  and  efficiently  as  possible,  without  sac¬ 
rificing  accuracy  of  weapons  delivery. 

Many  studies  of  target  acquisition  have  concentrated  on  visual  factors 
such  as  acuity  and  eye-movement  (scan)  patterns.  These  factors  are  undeniably 
important.  However,  many  weapon  systems  also  require  manual  control  (typically 
of  a  joystick)  for  successful  acquisition  and  tracking.  Newer,  more  sophisti¬ 
cated  systems  often  Include  automatic  acquisition  and  tracking  functions,  but 
these  functions  are  subject  to  error  and  aay  require  manual  assistance  by  the 
human  operator  to  acquire  the  correct  target  and/or  to  maintain  accurate  target 
tracking.  In  a  single-seat  aircraft,  these  manual  tasks  must  be  performed  by 
the  pilot  while  maintaining  flight  control.  Factors  that  affect  the  manual 
aspects  of  target-acquisition  and  target- tracking  tasks  are  the  primary  con¬ 
cerns  of  this  research. 

Some  targe t-ecqulsltl on  and  target- tracking  tasks  of  interest  here  aay  be 
relatively  simple  when  considered  alone.  A  common  arrangement  is  one  In  which 
a  joystick  controls  the  orientation  of  a  sensing  device— for  example,  a  tele¬ 
vision  camera.  The  camera  may  be  located  underneath  the  aircraft,  or,  in  some 
cases,  in  an  air-to-ground  missile.  The  associated  display  is  simply  the  image 
captured  by  the  camera,  often  with  a  symbolic  sight  (e.g.,  crosshairs)  superim¬ 
posed  on  the  image  in  the  center  of  the  display.  The  associated  task  is  thus  a 
simple  compensatory  tracking  task;  that  is,  the  operator's  task  is  to  null  any 
deviation  between  the  target  and  the  fixed  representation  of  the  sight.  The 
control  system  Is  typically  first-order  (rata  control).  Initially,  the  sensing 
device  aay  ba  slightly  out  of  line  with  the  desired  target,  requiring  that  the 
orientation  of  the  sensor  be  r  4  jus  ted  so  the  target  is  brought  to  the  center  of 
the  display,  coincident  with  the  sight.  At  this  point  in  aany  systems,  the 
operator  presses  a  switch  which  initiates  automatic  tracking  of  the  sighted 
target.  Then  the  operator  monitors  the  display  and  uses  the  joystick  to  cor¬ 
rect  any  significant  drift  of  the  target  from  the  sight. 
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Other  aspects  of  target  scqulsltion  and  tracking  are  obviously  quite  con- 
pi  ex.  la  nany  type*  of  missions,  the  pilot  la  expected  to  perform  a  high- 
predaloa  aaneuver  (to  help  alttlnlae  expoaure  to  eaeny  defenses),  which  euat 
reault  In  a  oaar-borealght  a  ligament  of  the  aircraft  and  the  target.  A  second 
high-precision  maneuver  may  be  performed  after  the  target  la  acquired.  The 
manual  activities  required  for  tbeae  hlgh-precleion  naneuvera  muat  be  coor¬ 
dinated  and  accurate.  Furthermore,  a  one  umapoaa  ayatena  require  that  the 
operator  continue  to  manually  aid  the  targe  t- tracking  function  a  during  the 
eecond  maneuver.  Thua,  there  are  two  major  typea  of  Manual  taaka  which  are  of 
great  Importance  In  target  aequialtion  and  tracking:  the  highly  preclae  and 
coordinated  manual  a  a  pacta  of  flight  control,  and  the  relatively  aimpla  manual 
taaka  Involved  in  aiding  the  automated  aequialtion  and  tracking  functlona.  The 
fact  that.  In  a  alngle-aeet  aircraft,  the  pilot  nay  be  required  to  alaultane- 
oualy  perform  theae  taaka  la  of  particular  concern  In  this  research. 

Although  the  specific  manual  control  requirements  vary  across  aircraft, 
weapons  systems,  and  missions,  the  tasks  just  described  are  representative  of 
the  potential  complexity  of  manual  activities  during  target  acquisition  and 
tracking.  Various  typea  of  manual  acquisition  and  tracking  tasks  have  been 
studied  in  previous  research.  Three  relevant  areas  that  have  received  par¬ 
ticular  attention  are  aa  follows:  (1)  typical  patterns  of  performance  in 
simple  acquisition  taaka  and  in  compensatory  tracking  tasks,  (2)  the  effects 
of  various  training  and  practice  regimens  on  tracking  proficiency  and  skill 
organisation,  and  (3)  the  effects  of  dual-task  conditions  on  performance  of 
tracking  tasks.  Bach  of  theae  areas  la  reviewed.  A  special  emphasis  through¬ 
out  the  review  la  the  identification  of  conditions  and  techniques  which  enhance 
performance.  The  review  embraces  studies  conducted  from  various  theoretical 
perspectives  over  several  decades.  An  a  tump  t  Is  made  to  provide  a  coherent 
framework  for  Interpreting  the  theoretical  constructs  and  empirical  findings  of 
these  diverse  approaches. 


LITERATURE  REVIEW 
Typical  Patterns  of  Performance 


Acquisition 

Acquisition  tracking,  also  called  step  tracking,  is  a  task  in  which  a 
sudden  (or  initial)  discrepancy  between  the  target  stimulus  and  a  response 
marker  (e.g.,  a  cursor)  oust  be  nulled  by  the  operator.  The  time  required 
to  acquire  the  target  has  been  widely  studied.  Total  acquisition  time  is 
typically  divided  into  three  segments:  (1)  reaction  time— the  time  from  the 
onset  of  the  discrepancy  to  the  initiation  of  a  control  movement;  (2)  primary 
movement  time— the  duration  of  the  first  control  movement,  which  usually  nulls 
most  of  the  discrepancy  between  the  target  and  the  marker;  and  (3)  correction 
time— the  time  from  the  end  of  the  primary  movement  until  the  target  and  marker 
are  in  stable  alignment.  Brown  and  Slater-Hanael  (6)  analysed  these  components 
of  ecouisitlon  time  in  a  task  in  which  the  direction  and  distance  of  movement 
were  varied.  They  found  no  difference  in  reaction  time  which  could  be  attri¬ 
buted  to  either  factor.  Primary  movement  time  was  found  to  vary  as  a  function 
of  distance,  but  not  as  a  function  of  direction.  Correction  time  was  found  to 
be  somewhat  faster  for  the  smallest  distance  used  in  their  experiment  than  for 


longer  dlsuaces,  but  no  further  differences  in  corrocttoo  tin*  wort  observed. 
TtM  Man  race t ion  tlna  in  chair  experiment  ana  about  250  ms,  which  ia  typical 
of  reaction  tin*  to  a  visual  stimulus  aa  naaaurad  fron  tha  oaaat  of  tho  a tlau- 
lua  to  tha  initiation  of  tha  raaponaa.  Foulton  (27)  raportad  that  raaction 
tiaaa  do  not  tand  to  wary  aa  a  function  of  atop  aiaa  unlaaa  tha  atop  ia  unex- 
pactadly  aaall  or  unaxpecudly  large. 

Tha  awaraga  priaary  movement  tiaaa  in  tha  Brown  and  Slaur-Haamel  (6) 
axpariaant  rangad  froa  about  200  aa  for  a  2.5-ca  (1  in*)  atop  aiaa  to  about 
550  aa  for  a  40-cm  (16  in.)  a  up  aiaa.  Thua,  tha  priaary  aowaaant  tiaa  for 
tha  40-cm  (16  in.)  a  tap  waa  roughly  twlca  that  of  tha  2.5-ca  (1  in.)  a  tap, 
wharaaa  tha  actual  aiaa  of  tha  a  up  dif  farad  by  a  factor  of  16.  Thia  differ¬ 
ence  indicaua  that  tha  rate  of  movement  waa  faaur  for  the  larger  aup  a  lie  a. 
Taylor  and  Birmingham  (29)  daacribed  typical  paturna  of  aowaaant  rau  in  an 
acqulaition  tracking  uak.  They  found  that  the  aowaaant  rate  unde  to  lncreaae 
rapidly  during  the  flrat  part  of  the  aowaaant,  reaching  ita  aaxlaua  walue  nearly 
halfway  through  the  aowaaant.  The  rau  of  aowaaant  than  gradually  decreaaea 
throughout  tha  aecond  half  of  the  aowaaant.  Craik  and  Vince  (7)  found  eiallar 
paturna  of  aowaaant  raue  for  a  variety  of  a  tap  a  lie  a.  Although  faatar  aaxl¬ 
aua  raua  ware  found  for  larger  aup  alsaa  in  both  thaaa  a  turtle  a  (6,  7),  the 
priaary  aowaaant  tiaaa  ware  reliably  longer  for  larger  atapa.  Thua,  tha  ln¬ 
creaae  in  aowaaant  rau  for  larger  aupa  doaa  not  fully  coapanaaU  for  tha 
actual  difference  in  dlaunce. 

Craik  and  Vince  (7)  alao  analysed  the  accuracy  of  tha  priaary  aowaaant. 

Aa  aentloned  earlier,  tha  priaary  aowaaant  typically  nulla  aoat  of  tha  error 
between  tha  urget  and  the  marker.  They  found  that  the  aagnltuda  of  the 
ream  in  lag  error  la  typically  proportional  to  the  alia  of  the  step.  This  rela¬ 
tionship  is  often  called  "Cralk'a  ratio  rule."  The  obuined  proportions  are 
typically  between  52  and  10X.  Poulton  (27)  reported  that  "Cralk'a  ratio  rule" 
doea  not  hold  for  wary  aaall  aoweaenta.  Vince  (30)  alao  daaonatraUd  that  the 
walue  of  the  proportion  can  be  aanlpulaud  through  instructions  which  emphasise 
either  speed  or  accuracy  ower  the  other.  Taylor  and  Birmingham  (29)  reported 
that  the  undency  for  the  priaary  mowenent  to  undershoot  wa,  owershoot  the 
urget  la  related  to  the  slse  of  the  step.  They  found  that  undershoots  (l.e., 
the  magnitude  of  the  mowemmnt  was  too  small)  undid  to  be  associated  with  large 
sup  slses,  whereas  owershoots  were  typically  found  for  small  aupa.  These 
tendencies  must  be  inurpreud  aa  errors  of  central  Uudency  within  a  giwen 
experiment  (27),  because  a  giwen  step  alse  may  be  relatiwely  small  in  one 
experiment,  but  relatiwely  large  in  another.  Thua,  the  undency  to  owershoot 
or  undershoot  la  largely  aseoclaud  with  the  range  of  step  slses  used  in  an 
experiment  rather  than  the  actual  else  of  the  step. 

Control  system  sensitlwlty  (gain)  apparently  has  little  effect  on  primary 
mowenent  time  if  the  control  dewlce  is  e  joystick  or  lower,  although  It  doea 
hawe  an  effect  if  the  control  dewlce  la  a  knob  or  handwheel  that  must  be  ro- 
UUd  (7,  27).  Control  ays  Urn  sensitlwlty  may  hawe  a  pronounced  effect  on 
correction  time.  Hammer  ton  (14)  examined  the  effects  of  control  sysun  sensi¬ 
tivity  on  both  priaary  movement  time  and  correction  time.  He  found  no  differ¬ 
ence  In  priaary  movement  time  across  the  various  levels  of  sensitivity  used, 
but  did  find  correction  time  to  markedly  Increase  for  the  higher  levels  of  sen¬ 
sitivity.  Thus,  If  sensitivity  Is  high.  It  may  be  more  dlff  tcul  t  to  make  the 
precise  adjustments  required  to  bring  the  urget  and  marker  In  suble  alignment 
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than  if  tha  sensitivity  it  moderate.  Pool  too  (27)  recommended  that,  for  a  Joy¬ 
stick  position  (taro  ordar)  control,  tha  optiaua  saaaltivity  aay  ba  obtainad  by 
equating  tha  aaxiaua  displacaaant  of  tha  stick  and  tha  aaxiaua  raquirad  aovaaant 
of  tha  rasponsa  aarkar. 


Hifbar-ordar  control  systaas  tand  to  produce  longer  acquisition  tinea* 
Acquisition  tlaa  with  a  rata  (first  ordar)  control  aay  ba  naarly  twice  as  long 
as  with  a  coaparable  (in  tarns  of  obtainable  aovaaant  ratas)  position  control, 
and  acquisition  tins  with  an  accelaratlon  (second  ordar)  control  aay  ba  as  auch 
as  7  tiaas  greater  than  with  a  coaparable  rata  control  (27).  Those  differences 
era,  in  part,  due  to  the  additional  control  aoveaents  required  to  stabilise  the 
display.  In  a  rate  control  systaa,  two  control  noveaents  are  required  to  nova 
tha  aarkar  (or  target,  if  a  coapansatory  display  is  used)  froa  one  stable  posi¬ 
tion  to  another.  Tha  first  control  aovaaant  establishes  the  rate  of  aovaaant 
of  the  aarkar,  and  the  second  aovaaant  is  required  to  null  the  aovaaant  rate 
back  to  aero.  In  an  acceleration  control  systaa,  three  noveaents  are  required 
to  aove  the  aarkar  froa  one  stable  position  to  another.  Hot  only  do  these 
additional  required  noveaents  take  aore  tlae,  but  they  also  Introduce  addi¬ 
tional  opportunities  for  errors,  in  that  they  aust  occur  at  appropriate  points 
in  tine.  If  the  additional  required  control  noveaents  in  higher-order  systaas 
are  off  in  tlae  or  in  aagnituda,  then  the  correction  tiae  coaponent  of  acquisi¬ 
tion  tracking  is  bound  to  be  Increased. 

Compensatory  Tracking 

In  a  coapansatory  tracking  task,  the  response  aarkar  reaains  in  a  fixed 
position  on  the  display.  The  target  atlaulus  novas  about  by  soae  input  func¬ 
tion  which  eras  tea  a  discrepancy  between  the  positions  of  the  aarkar  and  the 
target.  Thus,  the  tera  coapansatory  lltarally  refers  to  the  nature  of  the 
display.  With  a  compensatory  display,  no  preview  of  the  to-be-tracked  function 
is  possible,  although,  if  the  function  is  predictable  (e.g„,  a  sine  function), 
then  anticipation  of  the  correct  response  aay  be  possible.  If  the  input  func¬ 
tion  is  unpredictable,  the  operator  can  only  respond  to  an  observed  discrepancy 
between  the  position  of  the  aarkar  and  the  target.  One  problem  with  a  compen¬ 
satory  display  is  that  the  operator  cannot  raadlly  distinguish  between  discrep¬ 
ancies  that  result  froa  the  input  function  and  those  that  result  froa  Incorrect 
control  noveaents  (27),  unless  the  input  function  is  fully  predictable.  Thus, 
typical  patterns  of  performance  vary  as  a  function  of  the  fora  of  the  input 
function. 

If  the  input  function  varies  over  tlae  in  an  unpredictable  Banner,  then 
the  operator  is  forced  to  react,  aoaent  by  aoaent,  to  observed  error.  The  eost 
important  property  of  an  unpredictable  signal,  with  respect  to  tracking  accu¬ 
racy,  Is  tha  signal's  bandwidth  (23).  If  tha  low-frequency  cutoff  is  fixed 
near  sero  and  the  bandwidth  is  varied  by  selecting  different  high  cutoff 
points,  then  a  typical  pattern  of  results  is  for  tracking  error,  Integrated  or 
suaaed  over  tlae,  to  be  rather  stable  for  bandwldths  below  about  0.6  Hs,  but  to 
increase  rapidly  as  a  function  of  higher  bandwldths.  With  bandwldths  above 
about  1.0  Hs,  the  operator's  control  noveaents  aay  actually  create  aore  error 
than  they  eliminate  (23),  indicating  that  the  operator  is  unable  to  track  the 
signal  at  all.  Somewhat  better  performance  is  obtained  with  pursuit  displays 
for  brndwldths  between  0.6  Hz  and  l.S  Hs. 
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An  input  function  describing  the  total  of  several  sine  waves  appears  to  be 
highly  irregular  and  is  difficr.it  for  an  operator  to  predict,  even  though  it  is 
exactly  determined  aa  theme  tica  j.  1  /.  The  operator  can  learn  the  average  proper*' 
ties  of  the  input  function  and  then  use  these  properties  a3  a  basis  for  antici¬ 
pating  changes  in  the  input  function  (25).  Performance  under  these  conditions 
may  be  a  mixture  of  anticipation  of  the  average  form  of  the  input  function  and 
reaction  to  observed  irregularities.  The  anticipation  of  the  input  function 
may  be  highly  Inaccurate,  particularly  if  the  function  contains  fairly  high- 
frequency  components. 

Uhen  the  form  of  the  input  signal  is  both  fully  predictable  and  relatively 
simple  (e.g.,  a  single  sine  wave),  then  the  operator  may  be  able  to  track  the 
signal  by  producing  a  pattern  of  control  movements  synchronized  with  the  input 
signal.  Pew  (23)  reported  that,  for  sine  waves  with  frequencies  between  0.75  Hi 
and  1.5  Hz,  operators  were  able  to  achieve  this  synchronization  with  little  dif¬ 
ficulty.  For  frequencies  below  about  0.5  Hz,  however,  the  operators  appeared  to 
make  moment-by-moment  corrections  instead  of  generating  the  sine-wave  pattern. 
For  frequencies  above  about  1.7  Hz,  the  operators  had  a  difficult  time  keeping 
up  with  the  pace. 

Performance  of  a  compensatory  tracking  task  is  apparently  a  mixture  of 
responding  to  observed  error  between  the  marker  and  the  target,  and  generating 
a  pattern  of  control  movements  based  on  the  expected  properties  of  the  input 
signal.  The  contribution  of  each  mode  of  performance  depends  on  properties  of 
the  input  signal,  lor  signal  waveforms  that  are  highly  unpredictable  or  that 
have  a  low  frequency,  the  error-correcting  mode  dominates  typical  performance. 
The  pattern-generation  mode  is  dominant  if  the  signal  waveform  is  highly  pre¬ 
dictable  and  has  a  moderate  frequency.  The  notion  of  two  response  modes  is  re¬ 
lated,  but  not  Identical,  to  the  notion  of  closed-loop  end  open-loop  mechanisms 
in  tracking.  The  error-correcting  mode  may  be  seen  aa  a  closed-loop  mechanism 
in  which  the  perceived  magnitude  of  error  is  the  feedback  in  the  loop.  Uhen 
the  error  magnitude  surpasses  some  threshold,  a  control  movement  is  initiated 
to  null  the  error.  The  pattern-generator  mode  may  be  seen  as  an  open-loop 
mechanism  in  which  a  series  of  patterned  movements  is  generated  for  some  period 
of  time  without  modification  due  to  feedback.  A  more  detailed  analysis  reveals 
that  the  correspondence  between  the  two  sets  of  terms  is  not  perfect.  In  the 
error-correcting  mode,  once  the  control,  movement  is  initiated,  it  may  be  largely 
ballistic,  depending  on  its  duration  (30).  Occlusion  of  vision  during  very 
brief  control  movements  (less  than  about  500  ms)  has  little  effect  on  accuracy. 
The  possibility  that  proprioceptive  cues  might  provide  feedback  during  control 
movements  was  considered  by  several  Investigators  (3,  31,  32).  The  results  from 
these  studies  indicate  that  proprioceptive  cues  can  be  effective  for  some  types 
of  movements,  but  their  value  as  feedback  is  limited.  Fitts  (9)  argued  that  the 
control  of  movements  is  limited  by  a  fixed  information-processing  capacity  of 
central  mechanisms  rather  than  the  availability  of  feedback.  Thus,  brief  con¬ 
trol  movements  u^>'  be  entirely  ballistic,  and  longer  movements  may  be  intermit¬ 
tently  ballistic.  It  may  be  appropriate  to  think  of  error-correcting  mode  as  a 
2-level  hierarchy  in  which  the  outer  loop  is  closed  and  the  inner  loop  is  open. 
Similarly,  pattern-generation  mode  need  not  be  seen  as  entirely  independent  of 
feedback.  Pew  (22)  demonstrated  that  patterned  responses  on  a  tracking  task 
were  systematically  modified  by  the  pattern  of  residual  (i.e.,  uncorrected) 
errors..  Thus,  it  may  also  be  appropriate  to  think  of  pattern-generation  mode 
as  a  2-level  hierarchy  with  a  closed  outer  loop  and  an  opeu  inner  loop. 
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Effects  of  Training  and  Practice 

The  development  of  a  training  program  must  address  two  fundamental  issues: 
(1)  what  behaviors  are  to  be  trained,  and  (2)  how  those  behaviors  are  to  be 
trained*  In  addressing  these  issues,  the  characteristics  of  the  task  in  the 
situation  of  Interest  must  be  carefully  analyzed,  and  the  characteristics  of 
individuals  to  be  trained  must  be  assessed.  One  of  the  Important  outcomes  of 
these  processes  is  a  clearer  understanding  of  the  need  for  training,  and  conse¬ 
quently  the  goals  of  training.  One  goal  of  human  factors  engineering  is  to 
reduce  training  costs  by  designing  equipment  and  procedures  that  are  well  suited 
for  human  use  (18).  Thus,  one  important  issue  is  whether  the  need  for  training 
can  be  reduced  (or  eliminated)  by  better  equipment  design.  Given  that  a  need 
for  training  on  a  manual  tracking  task  exists,  the  goals  of  training  must  be 
determined  with  reference  to  the  desired  behaviors  In  the  situation  of  Interest. 
In  this  context,  questions  such  as  whole-task  vs.  part-task  training  must  be 
framed  and  relevant  empirical  findings  interpreted.  The  outcome  of  a  training 
needs  analysis  might  reveal,  for  example,  that  performance  of  a  manual  tracking 
task  under  ordinary  conditions  requires  little  training  beyond  familiarization, 
but  performance  under  extreme  or  unexpected  conditions  does  require  training. 
Another  possible  outcome  is  that  the  tracking  task  requires  little  training, 
but  performance  of  the  task  while  simultaneously  performing  other  tasks  does 
require  training.  A  variety  of  training  procedures  for  tracking  tasks  have  been 
studied;  most  are  variations  of  the  part-task  training  method.  Few  studies, 
however,  have  included  a  statement  of  the  goals  of  the  procedure  in  terms  of 
the  specific  aspects  of  performance  that  are  expected  to  benefit  from  training. 

Part-task  vs.  Whole-task  Training 

If  a  tracking  task  is  sufficiently  complex,  it  may  be  possible  to  identify 
one  or  more  components  of  the  task  that  can  be  performed  separately.  A  training 
regimen  may  be  established  in  which  the  task  components  are  practiced  separately 
for  a  period  of  time,  followed  by  performance  of  the  entire  task  for  a  period  of 
time.  Such  a  regimen  is  called  part-task  training.  A  part-task  training  pro¬ 
cedure  has  two  potential  benefits:  (1)  performance  of  the  whole  task  may  be 
better  if  the  task  components  are  practiced  separately  than  if  the  whole  task 
is  practiced  for  a  comparable  period  of  time,  and  (2)  substantial  savings  in 
training  costs  may  be  realized  if  the  part-task  regimen  is  effective  and  is  less 
expensive  than  whole-task  training.  Thus,  a  part-task  training  procedure  may  be 
desirable  even  though  it  is  not  as  effective  as  a  whole-task  procedure,  if  it  is 
sufficiently  effective  and  substantially  less  expensive  than  whole-task  training. 
Part-task  training  may  be  particularly  attractive  for  tasks  performed  by  air¬ 
crews,  given  the  high  cost  of  aircraft  and  the  costs  associated  with  logistical 
support  and  expendables  such  as  fuel.  The  cost-benefit  of  part-task  training, 
however,  must  be  assessed  in  the  context  of  some  existing  or  proposed  training 
program.  The  more  salient  issue  here  is  whether  part-task  training,  as  com¬ 
pared  to  whole-task  training,  tends  to  result  in  better  performance  of  complex 
tracking  tasks. 

Wightman  and  Lintem  (35)  reviewed  part-task  training  methodology  and 
results  from  previous  studies  of  part-task  training  for  tracking  tasks.  They 
identified  three  major  classes  of  procedures  used  in  extracting  components  of  a 
task  for  separate  training:  segmentation,  fractionation,  and  simplification. 

A  segmentation  procedure  extracts  a  task  component  based  on  temporal  or  spatial 


characteristics.  For  example,  some  complex  tasks  may  be  considered  as  a  series 
of  identifiable  subtasks.  If  one  (or  more)  of  these  subtasks  is  crucial  to 
overall  performance,  or  is  particularly  difficult,  then  it  may  be  advantageous 
to  train  this  segment  of  the  task  separately.  Fractionation  is  similar  to 
segmentation,  except  that  it  extracts  two  or  more  identifiable  subtasks  which 
must  be  performed  simultaneously.  These  subtasks  are  then  trained  separately. 
Fractionation  might  be  advantageous  for  sub  tasks  which  are  difficult  to  learn 
together,  but  once  mastered,  are  not  difficult  to  perform  together.  Fractiona¬ 
tion  could  be  counterproductive,  however,  if  the  crucial  element  in  overall 
performance  is  how  well  simultaneous  sub tasks  are  coordinated  or  time-shared. 

This  issue  is  explored  in  more  detail  in  the  discussion  on  dual-task  tracking 
studies.  Simplification  procedures  extract  a  subtask  by  adjusting,  or  perhaps 
eliminating,  one  or  more  characteristics  of  the  task.  For  example,  a  time  lag 
in  a  control  system  might  be  reduced  or  eliminated  to  facilitate  learning  other 
control  system  dynamics. 

In  their  review  of  empirical  results,  Wightman  and  Llntern  (35)  found 
segmentation  procedures  to  be  particularly  promising.  Three  of  the  four  seg¬ 
mentation  studies  reviewed  showed  a  clear  advantage  for  part-task  training. 
Furthermore,  each  of  the  three  segmentation  studies  which  found  a  part-task 
training  advantage  used  a  backward-chaining  technique  to  segment  the  task. 
Backward  chaining  Is  a  technique  in  which  the  last  component  in  a  sequence  is 
practiced  first.  Preceding  components  in  the  sequence  are  successively  added 
until  finally  the  entire  sequence  is  practiced.  Part-task  training  based  on 
fractionation  procedures  was  not  found  to  be  promising.  Of  the  six  fraction¬ 
ation  studies  reviewed,  only  one  showed  an  advantage  for  part-task  training. 
Wightman  and  Llntern  (35)  criticised  the  approaches  used  to  extract  the  sub¬ 
tasks  for  part-task  training.  Only  one  of  the  six  studies  used  a  systematic 
method  to  identify  crucial  subtasks  for  training,  and  it  was  that  study  which 
found  the  part-task  training  advantage.  Part-task  training  based  on  simpli¬ 
fication  procedures  produced  mixed  results.  In  general,  techniques  which 
reduced  ambiguity  about  the  effects  of  control  movements  during  training  were 
found  to  be  promising  for  subsequent  performance  of  a  compensatory  tracking 
task.  This  observation  is  in  accord  with  Poul ton's  primary  criticism  of  com¬ 
pensatory  displays  (27):  the  operator  cannot  readily  distinguish  the  effects 
of  control  movements  from  the  effects  of  the  input  function  when  a  compensatory 
display  is  used.  Wlgutman  and  Lintern  were  also  critical  of  the  lack  of  sys¬ 
tematic  methodology  In  deciding  which  task  characteristics  to  simplify  in  part- 
task  training.  They  noted  that  a  variety  of  task  characteristics  could  be 
manipulated  to  adjust  task  difficulty,  possibly  leading  to  different  results. 

The  selection  of  some  task  characteristics  (e.g.,  control  order)  for  simplifica¬ 
tion,  without  a  basis  in  a  systematic  task  analysis  or  in  psychological  theory, 
is  unwarranted,  and  obtained  results  may  add  little  to  the  understanding  of  how 
to  enhance  the  training  of  tracking  skills. 

Other  Training  Issues 

Although  part-task  training  procedures  are  most  commonly  proposed  techniques 
for  complex  paychomotor  tasks,  other  techniques  have  been  considered.  One 
class  of  these  techniques  is  called  adaptive  training.  In  adaptive  training, 
some  aspect  of  the  task  is  continuously  or  frequently  modified  as  a  function 
of  the  trainee's  performance  (16).  Adaptive  training  is  predicated  on  the 
assumption  that  training  is  most  effective  when  the  difficulty  of  the  task  is 
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at  an  appropriate  level.  Thus,  the  task  is  made  more  difficult  as  the  trainee 
becomes  more  proficient.  Implementation  of  the  procedure  requires  two  impor¬ 
tant  specif lections:  the  performance  measure  which  is  taken  to  reflect  the 
trainee's  current  proficiency,  and  the  characteristic  of  the  task  which  is  to 
i  be  manipulated  to  make  the  task  more  or  less  difficult.  The  function  or  logic 

that  relates  these  two  items  (i.e.,  how  much  change  in  task  difficulty  is  to 
be  associated  wlta  a  given  change  in  performance)  must  also  be  specified.  Poul- 
ton  (27)  reviewed  studies  which  have  employed  adaptive  training  on  a  tracking 
task.  He  concluded  that  adaptive  functioning  is  not  effective  if  the  order  of 
the  control  system  is  manipulated,  because  strategies  and  response  patterns 
that  are  more  effective  for  a  given  control  order  are  not  effective  for  a 
higher  or  lower  control  order.  Other  techniques,  such  as  varying  the  amplitude 
or  frequency  of  the  input  signal,  may  be  more  effective,  but  Poulton  points  out 
that  it  is  not  possible  to  assess  the  value  of  adaptive  training  unless  the 
best  forms  of  both  adaptive  and  fixed  training  can  be  identified  and  compared. 

Another  technique  that  has  received  some  attention  is  the  use  of  augmented 
feedback  during  training.  There  is  inherent  feedback  in  most  tracking  tasks — 
the  operator  can  see  how  well  he  or  she  is  performing  by  virtue  of  the  magni¬ 
tude  of  error  between  the  target  and  the  marker.  Feedback  from  kinesthetic 
senses  may  also  be  of  use  to  the  operator.  Additional  feedback  may  be  useful 
if  the  quality  of  the  display  is  degraded  such  that  the  magnitude  of  the  error 
is  not  clear.  Additional  feedback  may  also  be  effective  when  there  is  no  prob¬ 
lem  with  the  display;  it  may  serve  as  a  reinforcer.  Summary  feedback  at  the 
end  of  each  trial  in  an  experiment  appears  to  be  an  effective  technique.  Other 
i  techniques  that  have  been  examined  Include  presentation  of  auditory  cues  when 

the  magnitude  of  error  is  acceptably  small,  and  providing  a  display  of  error 
rate  or  acceleration.  Although  these  techniques  may  be  somewhat  effective, 

J  they  apparently  have  no  advantage  over  an  end-of-trial  summary  (26). 

Development  of  Tracking  Skill  Under  Extended  Practice 

When  a  tracking  task  is  performed  repetitively,  it  is  no  surprise  to  find 
that  performance  tends  to  improve.  A  simple  way  to  represent  the  improvement 
in  performance  is  to  plot  performance  against  time;  that  is,  to  plot  the 
learning  curve.  The  plot  of  the  learning  curve  may  be  quite  deceptive  if  the 
;  performance  measure  is  not  carefully  chosen.  Bahrick  et  al.  (4)  showed  that 

learning  curves  based  on  the  amount  of  time  that  error  is  below  some  criterion 
value  will  markedly  differ  for  different  values  of  the  criterion.  They  recom¬ 
mended  that  root  mean  square  error  (RMSE)  be  used  as  the  performance  measure. 

|  Poulton  (27)  agreed  that  RMSE  is  the  best  overall  measure  of  tracking,  but 

!  pointed  out  that  RMSE  is  a  gross  measure  that  does  not  reflect  subtle  differ¬ 

ences  in  performance.  That  is,  nearly  identical  RMSE  scores  may  be  obtained 
from  patterns  of  performance  which  are  quite  different.  Tracking  errors  stem 
from  two  sources:  spatial  errors  (control  movements  are  off  in  magnitude 
and/or  direction)  and  temporal  errors  (control  movements  are  incorrectly  timed.) 

!  Analysis  of  the  temporal  and  spatial  component  of  tracking  error,  in  addi¬ 

tion  to  analysis  of  gross  error  measures,  provides  valuable  insight  regarding 
the  development  of  tracking  skill  with  practice.  Merrill  Noble  et  al.  (21) 
analyzed  the  acquisition  and  organization  of  tracking  skills  in  five  groups. 

The  tracking  tasks  given  to  the  five  groups  differed  in  their  predictability. 

The  input  function  for  the  tracking  task  was  an  irregular  step  function  which 
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coat  laud  of  12  « top  a ,  and  task  predictability  was  se .  by  the  percent  (100,  83, 
75,  67,  or  0)  of  tba  atop*  which  were  repeated  aach  time  tha  taak  waa  performed. 
Tha  task  was  parforaad  a  total  of  820  times  by  aach  subject  over  tba  course  of 
severer  practice  iiaaloaii  and  80  wore  tlaa  a  3  months  la  tar.  They  used  inte*- 
grated  absolute  error  (which  la  highly  correlated  with  RUSE)  aa  their  groat 
perforoaaca  measure  and  developed  specific  indices  of  temporal  and  spatial 
errors.  They  alio  found  that,  by  tba  and  of  the  practice  re sa Iona,  the  inte¬ 
grated  error  waa  highly  cdtreleted  with  taak  unpredictability,  and  the  differ¬ 
ences  between  adjacent  conditions  were  about  equal. 

Their  next  analyses  of  taeporal  end  spatlel  errora  revealed  quite  different 
trends  for  tba  groups.  They  classified  tlalng  errors  as  leads  (movement  began 
too  soon)  or  lags  (movement  began  too  late).  They  found,  not  surprisingly,  that 
the  subjects  performing  the  highly  predictable  tasks  tended  to  make  proportion¬ 
ally  eora  lead  errors,  end  hence  less  lag  errors,  than  did  the  subjects  who  per¬ 
formed  the  lass  prsdictabla  teaks.  They  also  found  that  performance  of  the  67X- 
prtiic table  task  was  not  such  diffsrent  f roe  performance  of  the  OZ-predlctable 
task.  The  subjects  in  the  67X  group  ware  far  less  likely  to  commit  load  errora 
then  the  performances  of  the  75X  end  83X  groups  would  predict.  This  pattern 
indicates  that  a  relatively  high  degree  of  predictability  is  required  for  the 
pattern-generation  mode  of  responding  to  dominate  the  error-correction  mode  in 
this  type  of  task.  This  interpretation  is  supported  by  examining  the  mean 
duration  of  leg  errors.  For  both  tha  0Z  end  67Z  groups,  the  mean  duration  of 
lags  was  just  under  200  as,  which  1s  about  the  same  as  typical  reaction  times 
to  visual  stimuli,  whereas  the  mean  duration  of  lag  errors  for  the  other  groups 
was  much  lower. 

Tha  analysis  of  spatial  errors  Indicated  that  tha  magnitude  of  undershoots 
and  overshoots  tends  to  increase  throughout  the  early  stages  of  practice,  and 
then  decrease  later  with  practice.  This  finding  was  taken  to  indicate  that  it 
is  skill  in  tha  timing  of  responses  that  is  developed  early  in  practice,  whereas 
skill  in  controlling  tha  amplitudes  of  control  movements  does  not  improve  until 
lata  in  practice.  In  their  study,  however,  there  was  no  temporal  uncertainty; 
the  tasks  differed  only  in  spatial  uncertainty.  Later  research  (reviewed  by  M. 
Noble  and  Trumbo  (20))  examined  tha  effects  of  temporal  uncertainty  in  a  task 
with  no  spatial  uncertainty.  Temporal  uncertainty  was  manipulated  by  the  number 
of  step  durations  in  the  sequence  that  were  fixed,  analogous  to  the  procedure 
described  earlier.  Analysis  of  overall  performance  revealed  that  performance 
was  better  on  the  highly  predictable  sequences  than  on  the  less  predictable 
sequences  after  a  practice  regimen  of  40  trials.  Finer-grained  analyses  of 
temporal  errors  during  practice  showed  that  subjects  in  all  groups  tended  to 
commit  lag  errors  in  the  early  stages  of  practice,  but  by  the  end  of  practice, 
the  subjects  performing  the  highly  predictable  sequences  showed  a  greater  tend¬ 
ency  to  commit  lead  errors  than  did  the  subjects  on  less  predictable  sequences. 
Furthermore,  toward  the  end  of  practice,  subjects  in  all  conditions  showed  a 
tendency  to  lead  the  long-duration  steps  and  lag  the  short-duration  steps.  That 
la,  the  temporal  pattern  of  responses  tended  to  regress  toward  the  mean  step 
duration. 


Other  investigators  have  used  correlational  techniques  to  study  the  devel¬ 
opment  of  tracking  skills.  The  correlations  among  performance  measures  at 
various  stages  of  practice  and  scores  on  other  tasks  are  calculated.  Factor 
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analysis  techniques  are  often  used  to  explore  the  nature  of  changes  in  tracking 
performance  over  practice*  A  common  finding  is  that  the  correlation  matrix  for 
tracking  performance  at  various  stages  of  practice  tends  to  have  a  superdiagonal 
,form  (15).  The  essential  characteristic  of  this  pattern  la  the  correlation  of 
performance  on  a  given  trial  with  performance  on  other  trials  decreases  as  the 
number  of  Intervening  trials  increases.  For  example,  performance  on  trial  5  is 
more  highly  correlated  with  performance  on  trial  6  than  it  la  with  performance 
on  trial  7,  and  so  forth.  No  particular  magnitude  of  the  differences  Is  neces¬ 
sary.  This  pattern  Is  typical  of  many  typer  of  skilled  performance  (15).  Clyde 
Noble  (19)  had  500  subjects  perform  a  standard  Pursuit  Rotor  tracking  task  for 
100  trials,  and  the  resulting  correlation  matrix  largely  followed  the  superdi¬ 
agonal  form.  Although  this  pattern  of  results  la  quite  typical,  no  theoretical 
explanation  of  the  pattern  has  gained  wide  acceptance.  The  superdiagonal  form 
does  Indicate,  however,  that  the  relative  differences  among  Individuals,  with 
respect  to  tracking  performance,  do  not  change  dramatically  from  trial  to 
trial,  but  may  change  substantially  over  the  course  of  many  trials.  The  form 
also  indicates  that  performance  in  the  early  stages  of  practice  may  not  be  a 
good  predictor  of  performance  in  later  practice  stages. 

Flelschman  and  his  colleagues  used  factor  analytic  techniques  to  study  the 
development  of  a  variety  of  psychomotor  skills  over  the  course  of  practice  (10, 
12).  In  considering  this  research,  it  is  necessary  to  first  note  the  distinc¬ 
tion  between  the  terms  "ability"  and  "skill"  as  used  in  their  research.  The 
term  ability  refers  to  a  general,  stable  trait  of  an  individual  that  may  impact 
performance  on  a  variety  of  tasks,  whereas  the  term  skill  refers  to  proficiency 
on  a  single  task  or  small  group  of  highly  related  tasks  (11).  An  individual's 
level  on  a  given  ability  is  not  expected  to  appreciably  change  over  the  course 
of  a  study.  The  relationship  between  ability  levels  and  development  of  skill 
with  practice  13  the  object  of  interest  in  their  research.  To  state  it  another 
way,  changes  in  the  factor  structure  of  the  practiced  task  are  used  to  describe 
the  development  of  skill  on  that  task.  Abilities  are  established  statistically 
as  common  factors  in  a  battery  of  reference  tests,  which  may  include  printed 
tests  and  psychomotor  tasks.  In  his  study  of  the  Pursuit  Rotor  tracking  task, 
Fleishman  (10)  had  subjects  perform  the  tracking  task  for  15  trials.  A  reference 
battery  of  17  tests  was  also  administered.  He  used  the  8  odd-numbered  trials 
out  of  the  15-trlal  sequence  as  measures  of  tracking  proficiency.  The  inter¬ 
correlations  of  the  tracking  measures  and  the  reference  tests  were  factor 
analysed.  Eleven  factors  were  extracted  using  the  centroid  method  and  were 
graphically  rotated.  The  orthogonality  of  the  factors  was  preserved  in  the 
rotation.  He  found  two  factors  which  were  associated  with  the  tracking  task 
only;  that  is,  none  of  the  reference  tests  had  high  loadings  on  these  factors. 

One  of  these  factors  was  more  strongly  associated  with  the  early  stages  of 
practice,  and  the  other  was  more  strongly  associated  with  the  later  practice 
stages.  He  interpreted  the  factor  associated  with  the  later  practice  stages  as 
representing  skill  on  the  tracking  task.  He  speculated  that  the  factor  asso¬ 
ciated  with  the  early  practice  stages  may  have  represented  a  "learning  set" 
which  helped  facilitate  performance  early  in  practice,  but  then  diminished  in 
importance  as  the  tracking  skill  developed.  Of  the  factors  defined  by  the 
reference  battery,  only  two  had  any  systematic  relationship  with  the  tracking 
measures.  The  Control  Precision  Factor,  Interpreted  as  the  ability  to  make 
controlled  movements  involving  the  large  muscle  groups,  was  found  to  have  a 
fairly  stable  relationship  with  tracking  measures  across  the  trials.  This 
factor  was  strongly  associated  with  the  Complex  Coordination  Test  and  the  Track 
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Tracing  Taat  in  the  reference  battary.  Tha  aacond  factor  dafinad  by  tha  refer- 
anca  battary  which  was  alao  related  to  tha  tracking  aeaaurea  waa  called  Rata 
Control.  Thia  factor  had  a  moderate  association  with  tha  early  stages  of  prac¬ 
tice,  but  had  low  association  with  tha  late  stages  of  practice.  Several  other 
factors  ware  associated  with  various  testa  in  the  reference  battery,  but  none 
had  strong  associations  with  the  tracking  measures*  The  major  problem  with 
such  an  analysis  is  that  the  factors  which  were  interpreted  as  abilities  were 
forced  to  be  mutually  orthogonal,  even  though  there  was  no  reason  to  assume 
that  an  individual's  levels  on  various  abilities  were  uncorrelatod,  As  a  con¬ 
sequence,  it  is  difficult  to  interpret  the  ability  factors  and  to  understand 
their  relationship  with  tracking  proficiency.  An  oblique  factor  solution  might 
well  have  been  more  meaningful. 

Clyde  Noble  (19)  summarised  four  theoretical  positions  which  have  been 
offered  in  correlational  studies  as  accounts  for  the  development  of  psychomotor 
skills.  According  to  the  simplification  viewpoint  exemplified  by  Jones  (15), 
extended  practice  on  a  psychomotor  task  produces  a  progessive  decrease  in  the 
number  of  abilities  that  are  related  to  performance  of  that  task.  In  other 
words,  the  proportion  of  variance  in  psychomotor  performance  that  can  be 
accounted  for  by  performance  on  other  tasks  decreases  as  a  function  of  practice. 
An  alternate  viewpoint,  also  espoused  by  Jones  in  a  later  work  (16),  is  that 
there  are  simultaneous  processes  of  simplification  and  complication  which  affect 
changes  in  performance  over  practice.  If  the  task  is  quite  simple,  then  the 
complication  process  does  not  occur,  but  with  more  complex  tasks,  simplification 
characterizes  the  early  stages  of  practice  and  complication  dominates  the  later 
stages.  A  fair  Interpretation  of  this  position  is  that  the  simplification 
process  represents  the  emergence  of  the  uniqueness  of  the  skill,  whereas  the 
complication  process  represents  the  subsequent  unfolding  of  the  complexity  and 
organization  of  the  skill.  A  third  theoretical  viewpoint  is  represented  best 
by  Fleishman's  position  that  different  combinations  of  abilities  are  important 
at  different  stages  of  practice.  Contrary  to  Clyde  Noble's  interpretation  (19), 
Fleishman's  position  does  not  imply  that  a  complication  process  is  at  work; 
Fleishman's  position  predicts  that  the  factor  structure  of  the  task  will  change 
with  practice.  A  progressive  change  toward  a  more  complex  structure  is  not 
required  by  Fleishman's  position.  The  fourth  theoretical  position,  associated 
with  Adame  (1),  is  that  the  combination  of  abilities  which  affect  performance 
does  not  change  with  practice,  but  the  relative  importance  of  each  ability  may 
change.  Furthermore,  a  unique  skill  (unrelated  to  any  other  abilities)  may 
arise  if  the  task  is  complex;  this  unique  skill  is  thought  to  be  related  to  the 
particular  pattern  of  responses  required  by  a  given  task.  A  task  -might  tap  a 
variety  of  basic  perceptual  and  motor  abilities,  but  the  sequence  and  pattern 
of  the  perceptual  and  motor  activities  may  be  unique  to  that  task. 

Clyde  Noble  endorsed  the  simplification  viewpoint.  He  tried  to  reconcile 
the  various  theoretical  viewpoints  by  noting  that  both  Jones'  simplification- 
complication  hypothesis  and  Adams'  emphasis  on  the  uniqueness  of  response 
patterns  predict  that  the  task-specific  variance  in  a  psychomotor  task  will 
Increase  with  practice.  (Task-specific  variance  for  a  given  stage  of  practice 
is  variance  which  can  be  accounted  for  by  performance  of  the  same  task  at  other 
stages  of  practice,  but  not  by  performance  on  tests  in  a  reference  battery.) 

His  major  criticism  of  the  simplification-complication  hypothesis  was  that  it 
does  not  offer  predictions  that  differ  from  the  predictions  of  the  simplifica¬ 
tion-only  viewpoint;  thus,  the  latter  was  preferred  in  the  interest  of  parsimony. 
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B*  considered  the  correlations  between  trucking  proficiency  and  reference  bat* 
My  Miiimir  which  change  aa  the  tracking  taek  ie  practiced,  to  be  inter* 

••ting  in  their  own  right,  bat  not  enlightening  with  reepect  to  understanding 
the  development  of  psyc  homo tor  skill.  The  important  tread,  according  to  Clyde 
Noble,  ie  that  the  proportion  of  variance  accounted  for  by  the  whole  reference 
battery  decreases  with  practice,  while  the  task-specific  variance  increases 
with  practice. 

Clyde  Noble  overlooked  the  fact  that  Jones'  sinplification-conplication 
hypothesis  was  not  a  reversal  of  his  previous  endor sonant  of  the  slnpllflcatlon 
viewpoint,  but  instead  was  aa  elaboration  of  it.  The  amplification  coaponent 
of  the  hypothesis  refers  to  the  changing  relationship  between  performance  on 
the  task  of  interest  and  reference  battery  aeasures  aa  a  function  of  practice. 

The  complication  coaponent  refers  to  the  relationship  between  performance  of 
the  task  at  a  given  a  tag  a  of  practice  with  performance  at  other  atagea  of  prac¬ 
tice.  Thua.  the  simplification  coaponent  does  refer  to  task-specific  variance, 
but  the  complication  component  refers  to  task-specific  covariance.  The 
simplification-complication  hypothesis  was  offarsd  as  an  account  for  why  some 
tasks  exhibit  a  strong  superdiagonal  trend  in  the  correlation  matrix  and  others 
do  not.  Jones  (16)  noted  that  the  superdiagonal  form  is  characteristic  of  com¬ 
plex  tasks,  but  is  lass  characteristic  of  simple  tasks.  He  reasoned  that,  for 
simple  tasks,  no  organisation  of  skill  is  required.  The  relative  differences 
between  individuals  are  established  after  a  few  practice  trials.  Por  more  com¬ 
plex  tasks,  however,  much  more  practice  is  required  for  the  individual  differ¬ 
ences  to  stabilise.  If  the  superdiagonal  fora  of  correlations  is  taken  to 
reflect  a  complication  process,  then  the  amount  of  practice  over  which  the  fora 
persists  should  be  s  function  of  the  complexity  of  the  task.  This  Interpreta¬ 
tion  is  in  accord  with  Adams'  notion  (1)  that  the  uniqueness  of  s  complex  task 
is  tbs  patterning  of  component  responses  required  for  proficiency  on  that  task. 
Adams  also  raised  a  further  possibility:  Each  individual  could  have  a  general 
facility  in  patterning  the  components  of  s  complex  task,  and,  if  so,  than  there 
should  be  a  stronger  relationship  between  an  individual's  well-practiced  per¬ 
formances  on  two  complex  tasks  than  between  the  performances  of  those  tasks 
early  in  practice.  If  the  tasks  are  reasonably  similar. 

An  Interpretation  of  Experimental  and  Correlational  Findings 

With  many  topics  in  psychology,  it  is  somewhat  difficult  to  relate  findings 
from  experimental  studies  of  a  topic  with  findings  from  correlational  studies 
of  the  same  topic.  As  Cronbacb  (8)  noted,  these  two  approaches  represent  dis¬ 
tinct  traditions  in  psychology.  The  approaches  tend  to  be  concerned  with  dif¬ 
ferent  aspects  of  performance  and  to  emphasize  different  sets  of  Independent 
variables.  The  experimental  approach  emphasizes  differences  among  means;  the 
correlational  approach  emphasizes  differences  in  accountable  variance  about 
those  means.  The  two  approaches  tend  to  use  different  terminology  in  describing 
the  same  phenomena,  and  the  analytic  techniques  employed  are  certainly  different. 
The  topic  of  tracking  la  no  exception.  The  experimental  research  reviewed 
earlier  was  largely  concerned  with  differences  In  tracking  proficiency  among 
groups  as  a  function  of  practice  and  stimulus  conditions,  whereas  the  correla¬ 
tional  research  was  chiefly  concerned  with  changes  in  the  variance-covariance 
structure  of  tracking  proficiency  as  a  function  of  practice.  But,  Cronbach  (8) 
argued,  a  more  complete  account  of  a  topic  requires  contribution  from  both 
research  approaches.  That  is,  a  theory  or  model  which  can  describe  how  typical 
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performance  (mioi)  varies  at  a  function  of  conditional  and  can  alao  describe 
systematic  ways  in  which  Individuals  differ  under  those  conditions  (variances 
and  covariances),  Is  to  be  preferred  over  a  description  of  either  aspect  alone. 

With  tracking  proficiency,  the  situation  Is  further  complicated  by  the  existence 
of  two  distinct  areas  of  Inquiry  within  the  experlaental  approach.  Adams  (2) 
dlacussed  these  two  areas  at  length,  noting  that  applied  experlaental  reaenrch 
ha  a  concentrated  on  machine-centered  variables  such  as  the  design  of  displays 
and  controls,  the  order  of  the  control  systea,  and  so  forth.  Basic  experimental 
research,  on  the  other  hand,  has  concentrated  on  procedural  variables  such  as 
amount  and  spacing  of  practice,  and  the  affect  of  Instructions.  But  Adams' 
objections  were  not  focused  on  the  differing  emphases  of  the  two  areasi  rather, 
they  were  directed  toward  the  lack  of  attention  given  to  how  machine-centered 
variables  and  procedural  variables  might  Interact.  Adams  particularly  admon- 
ishad  applied  researchers  to  consider  the  effects  of  procedural  varlablea  In 
the  Interpretation  and  generalisation  of  their  reeults.  To  Adams'  remarks  It 
could  be  added  that  the  potential  three-way  Interactions  among  machine-centered 
variables,  procedural  variables,  and  organlsmlc  variables  has  received  even 
leas  attention  than  the  two-way  Interaction. 

A  principal  difficulty  In  simultaneously  cona  Ida  ring  empirical  results  from 
basic  experimental,  applied  experimental,  and  correlational  studies  is  that 
they  tend  to  use  widely  different  explanatory  constructs  In  Interpreting  their 
respective  findings.  Tha  basic  experimental  findings  are  discussed  in  terms  of 
learning  curves,  central  processing  mechanisms,  motor  programs,  and  similar  con¬ 
structs.  Tha  applied  experimental  findings  are  often  discussed  In  engineering 
terns  such  as  closed-loop  vs.  open-loop  mechanisms,  and  one-integrator  vs.  two-  j 

integrator  systems.  Correlational  findings  are  expressed  in  terms  of  patterns 
in  correlation  matrices,  end  the  factor  structures  which  can  be  derived  from  I 

those  patterns.  Nevertheless,  It  la  possible  to  at  least  attempt  to  interpret 
the  various  findings  within  a  single  framework.  An  example  of  such  an  attempt 
is  as  follows: 

A  tracking  task,  according  to  Adams  (2),  is  a  task  in  which  an  input  signal 
defines  a  motor  response  for  the  operator.  The  response  Is  executed  by  manipu¬ 
lating  a  control  device.  Tha  control  mechanism.,  which  includes  the  control 
device  and  may  consist  solely  of  that  device,  generates  an  output  signal.  The 
difference  between  the  two  signals  is  tracking  arror,  and  the  operator's  per-  j 

formance  is  measured  as  some  function  of  that  arror  over  time.  Given  this 
definition,  it  is  cleat  that  tracking  performance  is  a  joint  function  of  proper-  jj 

ties  of  the  input  signal,  properties  of  the  control  mechanism,  and  properties  j 

of  the  operator.  The  properties  of  the  input  signal  which  have  been  shown  to  V 

affect  performance  include  tha  manner  in  which  the  signal  is  displayed  (27), 
the  signal  bandwidth  (23),  and  the  degree  of  uncertainty  associated  with  changes  j 

in  the  signal  (20).  Tha  uncertainty  associated  with  changes  In  the  signal  may  < 

be  expressed  with  respect  to  time  and  space,  and  spatial  uncertainty  may  be  * 

further  expressed  with  respect  to  direction  and  amplitude.  Different  patterns  | 

of  uncertainty,  with  respect  to  time,  direction,  and  space,  have  different  1m-  • 

pacts  on  performance  (20).  Properties  of  the  control  mechanism  which  have  been  \ 

shown  to  affect  performance  Include  the  order  of  the  control  system  (27),  cer-  \ 

tain  characteristics  of  the  control  device  such  as  physical  resistance  (3),  and 
the  extent  to  which  the  output  of  the  control  system  appreciably  lags  behind  the  ) 

operator's  control  movements  in  time  (27).  Properties  of  the  operator  which  have  j 

been  demonstrated  to  have  a  relationship  to  performance  include  the  operator's 
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performance  of  certain  othar  tasks  (10);  f  he  opart  tor's  previous  experience  with 
tha  tracing  cask,,  and  lave  la  of  proficiency  Marine  that  pravloua  experience  (1); 
and  certain  demographic  properties,  auch  aa  gander  (19);  which  era  undoubtedly 
Important,  bat  era  of  loot  lataraat  la  tha  diacuaaloa  at  hand*  This  Hat  of 
propartlaa  la  not  exhaustive  but  la  representative  of  conditions  which  have 
bean  studied. 

The  operator's  behavior  under  nnny  of  the  c oab ins t lone  of  conditions 
studied  nap  be  aptly  described  as  aonan t-by-nomen t  reaction  to  perceived 
tracking  error.  The  t  orator's  aanlpulatlon  of  the  control  device  under  these 
conditions  tends  to  lag  behind  changes  in  tha  Input  signal,  and  the  aagnltude 
of  the  lag  la  roughly  the  saae  as  the  latency  of  human  reactions  to  other  types 
of  stlauli  in  other  tasks.  Under  certain  special  conditions,  however,  the  oper¬ 
ator's  behavior  does  not  tend  to  lag  behind  changes  in  the  input  signal.  The 
operator  tends  to  aanlpulate  tha  control  device  in  a  way  that  produces  a  close 
match  between  changes  in  the  Input  signal  and  changes  In  the  output  signal  with 
respect  to  both  tine  and  space.  The  operator's  behavior  under  these  conditions 
is  norm  aptly  described  es  the  emission  of  a  series  of  responses  which  ere  well 
organised  In  time  and  apace.  Tha  extent  to  which  this  description  adequately 
characterises  behsvlor  may  vary;  It  is  perhaps  more  accurate  to  say  that  the 
operator's  behavior  nay  he  characterised  by  a  description  selected  from  a  con¬ 
tinuum  anchored  by  "moaent-by-aonent"  reaction  and  "well-organised  responses." 

The  identification  of  input  signal,  control  syatem,  and  operator  properties 
which  are  asaociated  with  well-organised  responses  is  of  great  theoretical  and 
practical  Interest. 

The  concept  of  we  11 -organised  response  patterns  has  been  discussed  in 
several  ways.  Some  researchers  have  focused  on  the  process  of  organisation; 
others  have  focused  on  the  resultj  of  that  process.  To  extract  the  common 
themes  from  the  various  lines  of  research  reviewed,  it  Is  necessary  to  first 
examine  the  Implications  of  the  term  "response  organisation,"  and  then  to 
consider  the  different  aspects  of  this  concept  which  have  been  addressed— 
theoretically  and  empirically — by  various  researchers.  The  fundamental  impli¬ 
cation  of  the  tern  is  that  responses  which  are  well  organised  produce  a  closer 
correspondence  between  changes  in  the  input  snd  output  signals  than  do  responses 
which  are  less  well  organised,  A  second  implication  is  that  the  results  of 
we  11 -organised  responses,  when  repeated  several  tinea,  are  more  consistent  than 
the  results  of  leas-organized  responses.  A  third  implication  is  that  response 
organisation  must  develop  with  appropriate  practice  and  then  stabilise  as  it 
approaches  some  asymptote. 

The  terms  used  by  various  authors  to  describe  well-organised  responses 
reflect  the  various  aspects  of  response  organisation  that  have  been  addressed. 
Adams  (1)  used  the  term  "response  patterning,"  and  noted  that  the  activities 
which  must  be  patterned  include  the  perceptual  and  cognitive  activities  required 
by  a  task  asides  the  motor  activities.  His  emphasis  was  chat  various  compo¬ 
nents  must  be  organised  into  a  sequence  and  the  uniquenecs  of  the  combination 
of  components,  and  their  temporal  sequence,  determines  the  uniqueness  of  a  skill. 
Poulton  (24)  referred  to  3  types  of  anticipation:  (1)  receptor  anticipation, 
which  mav  be  provided  by  a  preview  of  the  input  signal;  (2)  effector  anticipa¬ 
tion,  which  essentially  is  a  preview  of  the  output  signal  (as  in  a  predictive 
display);  and  (3)  purr.ptual  anticipation,  which  arises  from  previous  experi¬ 
ence  with  a  relatively  predictable  task.  His  emphasis  was  on  the  sources  of 
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Information  which  facilitate  response  or  tan  in  tion.  Pew  (23)  distinguished 
between  pattern-generation  node  end  <*rror-correction  node,  enpheeiting  the 
qualitative  end  quantitative  differences  between  well-organised  responses  end 
women  t-by-nament  reactions.  The  currently  popular  tarns  are  no  tor  prograns  end 
no  tor  schaana  (28).  The  tarn  notor  prograa  enpbasises  the  inportance  of  central 
processing  mechanisms  in  structuring  the  response  sequence  before  It  is  executed, 
and  alto  that  the  sequence  can  be  correct! v  executed  without  continuous  feedback. 
The  tarn  notor  scheaui  eapheaisea  the  flexiolllty  of  the  response  organisation 
under  different  environmental  deneada,  and  the  inportance  of  feedback  In  the 
central  necbanlsns  which  coapare  the  intended  and  actual  results  of  a  response 
sequence.  The  terns  used  to  describe  the  process  of  organisation  also  reflect 
different  aspects  of  response  organisation.  Several  researchers.  Including 
Clyde  Noble  (19),  have  discussed  response  organisation  as  the  elimination  of 
irrelevant  responses.  This  tern  iaplles  that  the  response  conponents  which 
becoaa  organised  ere  the  conponents  required  by  the  task,  end  other  conponents, 
such  as  unnecessary  covenants,  tend  to  disappear  with  practice  on  the  task. 
Flelshaan  (11)  emphasised  the  change  in  the  factor  structure  of  a  task  over  * 
practice.  Finding  a  task-specific  factor  which  Increases  in  Inportance  ever 
practice  is  coaaon  in  his  research.  This  factor  represents  the  tendency  for 
perforaanca  of  a  complex  task  to  become  less  related  to  performance  on  other 
(reference)  tasks,  and  also  to  bacons  core  consistent  with  practice.  Jones' 
processes  of  sinpllflcstlon  and  coapl  ice  tion  (16)  also  reflect  these  tenden¬ 
cies. 


Given  that  the  theoretical  constructs  described  earlier  ere  appropriately 
interpreted  as  references  to  different  aspects  of  response  organisation,  it 
is  instructive  to  consider  the  enplrlcal  findings  froa  the  various  lines  of 
research  and  to  infer  underlying  principles  of  response  organisation,  although 
the  account  offered  later  is  incomplete,  it  will  be  argued  that  there  is  a 
systematic  pattern  of  results  across  various  studies,  end  the  principles  of 
response  organisation  nay  be  derived  from  this  pattern.  Attention  is  focused 
on  properties  of  the  input  signal  which  facilitate  response  organisation,  end 
the  interaction  of  input  signal  properties  with  extent  of  practice.  Although 
properties  of  the  control  aechanisa  ere  undoubtedly  in  portent  in  response 
organisation,  there  apparently  has  been  little  research  which  assessed  perform¬ 
ance  with  different  control  necbanlsns  over  extended  practice. 

Various  properties  of  the  input  signal  have  been  demonstrated  to  have  an 
impact  on  response  organisation.  Apparently,  the  aost  important  property  of 
the  signal  in  this  regard  is  its  bandwidth  (23).  Changes  in  the  signal  which 
occur  too  rapidly  nay  deaand  responses  which  are  beyond  huaan  capabilities. 
Given  that  the  input  defines  responses  which  are  within  a  person's  limitations, 
the  extent  to  which  changes  in  the  input  signal  can  be  anticipated  or  predicted 
by  the  operator  has  a  aajor  iapact  on  response  organisation.  A  technique  which 
greatly  enhances  response  organisation  is  simply  to  provide  a  preview  of  the 
signal.  With  preview,  changes  in  the  input  signal  can  be  directly  anticipated 
by  the  operator,  as  can  the  responses  required  by  those  changes.  Preview  pro¬ 
vides  the  basis  for  what  Poulton  (24)  called  receptor  anticipation,  and  the 
amount  of  preview  which  is  effective  depends  on  the  signal  bandwidth  (23).  If 
no  preview  is  provided,  then  response  organisation  is  enhanced  by  the  properties 
of  the  input  signal  which  can  be  predicted  by  the  operator.  These  properties 
facilitate  what  Poulton  (24)  called  perceptual  anticipation,  and  it  must  be 
emphasised  that  the  predictability  of  the  signal  is  determined  with  respect  to 


15 


tlM  opera  tor,  aot  <i  purely  mathematical  calculation  of  uncerulnty.  In  general, 
conplax  weve  font  era  nor*  difficult  for  an  operator  to  predict*  Simpler  wave 
form*-  -such  ee  e  single  tine  wave,  a  regular  triangle  wave,  end  a  regular  a  tap 
wave- -ere  sore  anally  predicted  by  tbe  operator  end  bence  facilitate  reeponae 
or  gar  lent  ion.  (One  exception  to  thia  principle  la  that  even  a  lap  la  wave  fore  a 
do  not  facilitate  response  organisation  if  tbe  period  of  tbe  wave  la  too  long* 
ea  Pew  (23)  noted.)  If  tlte  operator  la  unable  to  predict  the  exact  properties 
of  the  input  signal,  thar.  reeponae  organise tlon  can  be  baaed  on  the  average  or 
typical  properties  of  the  signal*  Thia  la  demonstrated  by  the  tendency  to 
undershoot  large  step  sites  and  overshoot  snail  step  aiaea  in  teaks  where  spa¬ 
tial  irregularities  in  the  Input  signal  are  used  (29),  and  by  the  tendency  to 
lead  long-step  durations  and  lag  short-sup  durations  in  tasks  where  teaporal 
irregularities  are  used  (20).  A  factor  which  apparently  moderates  response 
organisation  with  predictable  wave  forma  la  the  exunt  to  which  the  responses 
demanded  by  the  input  signal  are  gradual  and/or  continuous,  as  opposed  to 
sudden  end/ or  discrete  (27).  Responses  which  are  sudden  und  to  be  leas  secu¬ 
re  u  than  thone  which  are  gradual}  responses  which  are  discrete  tend  to  be  less 
accurate  than  those  which  are  continuous.  Thus,  according  to  the  f unde meats 1 
Implication  of  response  organisation,  as  discussed  earlier,  the  less  accurate 
responses  must  be  considered  less  organised. 

The  nature  of  the  unpredictability  In  the  signal  has  an  Impact  on  the 
resulting  response  organisation.  Signal  unpredictability  can  be  expressed  with 
respect  to  time  and  space;  similarly,  response  organisation  can  be  characterised 
temporally  and  spatially.  Different  mlxturee  of  teaporal  and  spatial  unpredict¬ 
ability  have  different  impacts  on  the  temporal  and  spatial  aspects  of  response 
organisation.  Spatial  unpredictability  can  be  further  specified  with  respect 
to  direction  end  amplitude.  Based  on  the  research  reviewed  by  Merrill  Noble 
and  Truabo  (20),  it  appears  that  a  high  degree  of  predlcublllty  with  respect 
to  direction  is  necessary  for  response  organisation.  Predlcublllty  with 
respect  to  direction  alone,  however,  is  not  sufficient.  If  the  signal  is  highly 
predlcUble  with  respect  to  direction  and  time,  or  direction  and  amplitude, 
then  overall  performance  will  be  better  than  if  direction  alone  is  predictable. 
Although  overall  performance  was  equivalent  for  the  direction-plus- time  and  the 
dlrectlon-plus-emplltude  conditions,  the  fine-grained  analyses  reported  by  M. 
Noble  and  Truabo  reveal  qulU  different  patterns  of  performance  between  the  two 
conditions.  The  subjects  in  the  condition  with  no  Unporsl  predlcublllty,  but 
fixed  direction  and  amplitude  patterns,  tended  to  commit  lead  errors  on  about 
half  of  their  responses.  The  magnitude  of  their  errors  in  timing  Increased 
early  in  practice  and  remained  fairly  consUnt  thereafter.  This  trend  suggests 
that  the  spatial  components  of  their  responses  were  well  organised,  but  that 
their  temporal  organisation  was  based  on  the  average  duration  of  the  steps  in 
the  input  signal.  The  subjects  in  the  condition  where  time  and  direction  were 
fixed,  but  amplitude  was  unpredlcUble,  showed  a  decrease  io  the  aagnitude  of 
timing  errors  over  practice,  indicating  that  the  teaporal  organisation  of  their 
responses  was  well  developed. 

The  common  trend  in  the  various  studies  discussed  earlier  is  that  responses 
will  become  organised  if  they  ere  within  human  capabilities  and  if  they  can  be 
antlcipaud.  Furthermore,  the  nature  of  the  organization  is  determined  by  the 
degree  and  types  of  predicubility  present  in  the  Usk.  Ue  will  argue  later 
that  the  degree  and  types  of  predlcublllty  also  determine  the  extent  of  prac¬ 
tice  required  for  the  organisation  to  emerge  and  sUbllise.  We  will  also  argue 


that  that*  factor*  arc  refloated  in  tha  patten*  found  la  correlation  aa trice* 
which  are  based  oa  extensive  practice  of  a  teak. 

If  a  cash  1*  so  unpredictable  that  response*  cannot  be  beneficially  anti¬ 
cipated,  than  the  responses  will  continue  to  fit  the  descriptions  of  moamnt-by- 
aoeeot  reactions.  Tha  responae  ortanlsatlon  will  be  quite  United.  Tenponl 
organisation  is  United  to  a  decrease  In  response  latency.  Thla  decreaae  occurs 
rapidly  and  approaches  tha  well-ostabllsaad  asynptoea  of  200-300  ns  (7).  The 
spatial  organisation  Is  United  to  a  reflnanant  of  tha  accuracy  of  response 
anplltude.  Tha  observed  response  anplltudes  tend  to  regress  toward  the  naan 
required  enplitude  with  practice  (29).  Th*  novaneat  reus  tend  to  be  organised 
so  that  they  partially  coapensate  for  different  responsa  anplltudes  (7,  29). 

The  correlation  na trices  based  oa  practice  of  these  types  of  tasks  will  show 
a  weak  superdiagonal  form  (16).  The  superdiagonal  torn  will  likely  be  charac¬ 
teristic  of  th*  early  stages  of  practice  (l.e.,  the  upper  left  corner  of  the 
natrlx),  but  will  dissipate  In  later  stages  of  practice.  A  reasonable  predic¬ 
tion  Is  that  the  extent  to  which  tha  superdiagonal  forn  persists  Is  a  function 
of  the  spatial  conplexlty  of  the  responses.  Th*  tenporal  and  spatial  organisa¬ 
tions  of  the  response  are  Interrelated  In  at  least  one  way:  Changes  In  the  In¬ 
put  signal  which  are  uncharacteristically  large  or  snail  will  produce  a  longer 
response  latency  (27). 

In  tasks  which  facilitate  anticipation  of  responses,  the  responses  will 
become  organised  on  the  basis  of  the  type  of  predictability  In  the  task  (20). 
Tasks  which  have  high  spatial  predictability,  but  low  or  moderate  temporal 
predictability,  will  tend  to  produce  responses  which  are  well  organised  spa¬ 
tially.  Tha  temporal  organisation  tends  to  be  based  on  tha  mean  duration  of 
the  time  Intervals  between  changes  In  tha  input  signal;  the  times  between 
responses  tend  to  regress  toward  this  mean.  This  regression  toward  the  mean 
tends  to  occur  early  in  practice  and  than  stabilises.  A  reasonable  prediction 
is  that  uncharacteristically  long  or  short  intervals  between  signal  changes 
might  disrupt  the  spatial  organisation  of  the  response  to  those  changes,  analo¬ 
gous  to  tha  interrelationship  between  temporal  and  spatial  organisation  discussed 
earlier.  Tasks  which  have  high  temporal  predictability,  but  moderate  spatial 
predictability,  will  tend  to  produce  responses  which  are  well  organised  In 
time.  Tha  tendency  to  ragress  toward  th*  mean  duration  of  Intervals  between 
input  changes  will  be  less  pronounced.  The  spatial  organisation  In  these  tasks 
develops  much  more  slowly. 

A  common  trend  for  all  types  of  tasks  is  that  temporal  organisation  tends 
to  stabilise  before  spatial  organisation.  In  tasks  which  do  not  permit  antici¬ 
pation,  temporal  organisation  is  limited  to  a  decrease  in  response  latency. 

This  decrease  occurs  early  in  practice.  In  tasks  which  have  high  spatial  pre¬ 
dictability  and  low  temporal  predictability,  th*  temporal  organisation  is  based 
on  the  mean  duration  between  signal  changes.  This  organisation  emerges  early 
in  practice  and  stabilises  as  spatial  organisation  continues  to  develop.  Tasks 
with  high  epanial  and  temporal  predictability  tend  to  produce  responses  which 
are  well  organised  temporally;  spatial  organisation  lags  behind  temporal  organi¬ 
sation  la  these  tasks  (21). 

In  tasks  which  do  permit  response  anticipation,  the  extent  of  practice 
required  for  response  organisation  to  stabilise  is  a  function  of  the  degree  of 
predictability  in  the  task.  Tasks  in  which  predictability  is  provided  by  a 
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ptivlM  of  tbo  input  signal  require  lees  practice  foe  response  organise tioa  to 
energe  than  uikt  with  predictability  which  suet  bo  loo  rood  through  experience. 
For  teeke  with  predictability  which  euet  be  learned,  tha  extent  of  prectice 
required  for  response  organisation  to  atebilite  ia  e  function  of  both  the  eoa- 
plexity  of  tbo  pattern  to  bo  learned  end  tha  degree  of  Inherent  unpredictability 
in  the  pattern*  Obviously,  the  reaponee  organiaation  in  thane  uaka  ie  baaed  on 
the  perceived  reguleritiea  in  the  input  signal;  hence,  the  organiaation  cannot 
atabilise  until  sons  point  after  tha  learning  of  the  pattern  ia  ae  complete  aa 
poeeible.  If  the  pattern  to  be  learned  ia  quite  eieple— for  example,  a  aieple 
aine  wave  or  atap  with  no  irregularity— then  the  pattern  will  be  obvioue  elaoat 
iaaodietely  (23).  The  learning  of  wore  coeplex  pat  tern  a  ia  apparently  enhanced 
by  the  uae  of  a  pureuit  dieplay  inataad  of  a  coapeneatory  dieplay,  preauaably 
because  the  compensatory  dieplay  confounda  the  changea  in  the  input  aignal  with 
errora  in  control  aoveaenta  (27).  The  preaence  of  inherent  unpredictability  in 
the  eignal  aey  reault  in  e  pronounced  diaruption  of  reaponee  organiaation.  In 
the  atap  tracking  taak  uaed  by  Merrill  Noble  at  el.  (21),  the  atep  function  in 
which  exactly  two- thirds  of  tha  steps  were  fully  predictable  did  not  produce 
better  perforaance  than  a  coapletely  randoa  function  until  well,  over  300  prac¬ 
tice  trials. 

Jones  (16)  reported  that  correlation  aa trices  based  on  extended  practice 
of  e  coaplex  taak  tend  to  exhibit  superdiagonal  fora  over  longer  periods  of 
practice  than  those  based  on  practice  of  a  slaple  task.  The  interpretation 
offered  here  is  that  the  persistence  of  the  superdiagonal  fora  is  associated 
with  tasks  which  facilitate  response  anticipation.  (Ue  acknowledged  that  the 
superdlagooel  fora  aay  also  characterise  practice  on  tasks  which  do  not  facili¬ 
tate  response  anticipation,  but  which  do  involve  coaplex  sequences  of  actions 
in  responding.)  If  the  superdiagonal  fora  is  a  result  of  response  organisation 
over  practice,  then  it  is  possible  to  deduce  the  extent  of  practice  required 
for  response  organisation  to  stabilise  froa  other  patterns  in  the  correlation 
aatrix.  Recall  that  the  only  requireaent  for  superdiagonal  fora  is  that  the 
correlation  coefficients  progressively  decrease  in  magnitude  across  rows  (and 
down  coluans,  since  the  aatrix  is  symmetric),  starting  with  tbs  eleaent  on  the 
aaln  diagonal  (which  is  always  1.0).  But  if  the  superdiagonal  fora  is  a  conse¬ 
quence  of  response  organisation,  then  it  is  possible  to  predict  definite  trends 
to  be  found  in  the  first  off-diagonal  of  the  aatrix.  (To  clarify  terns,  the 
first  off-diagonal  in  the  aatrix  contains  the  correlations  of  trial  1  with 
trial  2,  trial  2  with  trial  3,  ...»  trial  N  -  1  with  trial  N,  in  an  N  x  N  cor¬ 
relation  aatrix.  The  second  off-diagonal  contains  the  correlation  of  trial  1 
with  trial  3,  trial  2  with  trial  4,  and  so  forth.)  One  lapllcatlon  of  the 
notion  of  response  organisation,  as  discussed  earlier,  is  that  perforaance 
should  become  aore  consistent  with  practice.  Another  lapllcatlon  is  that  the 
organisation  should  stabilise  after  soae  sufficient  extent  of  practice.  If  the 
outcoaM  of  responses  becoaes  aore  consistent  with  practice,  then  it  is  implied 
that  perforaance  on  a  given  trial  becoaes  a  better  predictor  of  perforaance  on 
tha  next  trial  as  practice  proceeds,  up  to  the  point  when  the  response  orgsnisa- 
tion  stabilises.  Beyond  this  point,  the  relationship  between  performance  on  a 
given  trial  with  perforaance  on  the  next  trial  should  remain  fairly  constant. 
These  implications  can  be  assessed  by  exaalning  the  trend  in  the  first  off- 
diagonal  of  tha  correlation  matrix.  The  coefficients  in  this  off-diagonal 
should  becoae  progressively  larger  (reflecting  the  Increasing  consistency  in 
perforaance  froa  trial  to  trial),  up  to  some  critical  point.  Beyond  this  cri¬ 
tical  point,  there  should  be  no  further  upward  or  downward  trends  (reflecting 


18 


the  stabilization  of  organization),  although  minor  fluctuations  up  and  down  may 
appear. 

The  correlation  matrix  presented  by  Clyde  Noble  (19,  p.  368)  was  calculated 
on  the  performance  of  the  pursuit  rotor  task  over  20  blocks  of  5  trials  each. 

The  correlation  matrix  is  based  on  average  performance  within  each  block,  and 
was  obtained  from  a  sample  of  500  subjects.  The  superdiagooal  form  persists 
throughout  the  matrix.  By  the  predictions  offered  earlier,  elements  along  the 
first  diagonal  increase  steadily  up  to  a  critical  point  (block  7  with  block  8), 
and  beyond  this  point  there  are  no  further  trends  upward  or  downward.  Further 
predictions  can  be  derived  from  the  interpretive  framework  offered  earlier, 
regarding  patterns  in  the  higher  off-diagonal a  and  the  factor  structure  which 
can  be  obtained  from  the  matrix,  but  a  full  explication  of  these  predictions  is 
beyond  the  scope  of  this  report. 

We  noted  that  the  Interpretation  offered  earlier  predicts  that  the  magnitude 
of  the  correlations  in  the  first  off-diagonal  reflects  the  extent  of  response 
organization  at  each  point  in  practice,  and  that  the  magnitude  of  the  correla¬ 
tion  at.  the  stability  point  reflects  the  degree  of  response  organization  per¬ 
mitted  by  the  task.  We  further  suggested  that  the  magnitudes  of  the  correla¬ 
tions  in  the  first  off-diagonal  should  systematically  vary  as  a  function  of 
task  unpredictability,  and  that  the  extent  of  practice  req^red  for  the  first 
off-diagonal  correia tlona  to  stabilize  should  systematically  vary  as  a  function 
of  the  complexity  of  task  predic tabllity.  That  is,  tasks  which  are  highly 
predictable  should  produce  larger  correlations  in  the  first  off-diagonal  than 
tasks  which  are  less  predictable,  and  tasks  in  which  the  predictable  components 
of  the  slxnal  are  more  complex  should  require  more  practice  for  the  first  off- 
diagonal  correlation  to  stabilize  than  tasks  with  predictable  components  which 
are  simple.  Unfortunately,  few  of  the  studies  reviewed  include  the  correlation 
matrix  in  their  results;  thus,  it  is  not  possible  to  test  these  predictions  with 
reported  findings.  Clearly,  these  predictions  need  empirical  verification. 

Effects  of  Dual-Task  Conditions 

Tracking  tasks  have  been  quite  popular  in  dual-task  studies,  perhaps 
because  performance  on  a  tracking  task  tends  to  be  quite  sensitive  to  the  addi¬ 
tion  of  a  second  task.  One  common  use  of  the  dual-task  paradigm  is  to  assess 
"spare  capacity"  or  "residual  attention”  In  studies  of  workload.  The  rationale 
is  that  performance  of  two  concurrent  tasks  will  show  a  decrement  on  one  or  both 
of  the  tasks  when  their  combined  demands  exceed  the  capacity  of  the  operator. 

By  manipulating  characteristics  of  one  of  the  tasks  (e.g.,  visual  vs.  auditory 
Inputs)  and  comparing  the  effects  of  these  characteristics  on  dual-task  perform¬ 
ance,  investigators  have  attempted  to  identify  which  types  of  tasks  impose  rela¬ 
tively  higher  workload.  This  effort  has  been  of  particular  interest  since  the 
advent  of  speech  input-output  technology  in  aircraft  cockpits.  Another  reason 
for  the  popularity  of  tracking  tasks  in  dual-task  studies  is  that  piloting  an 
aircraft  is,  in  many  ways,  a  complex  tracking  task,  and  much  applied  research 
has  baen  driven  by  concern  about  pilot  performance  in  high  workload  conditions. 

Performance  on  a  tracking  task  tends  to  he  degraded  when  a  second  task  is 
added.  Poulton  (27)  reviewed  over  24  studies  of  tracking  in  dual-task  condi¬ 
tions  and  classified  each  one  on  the  basis  of  the  instructions  given  to  subjects 


19 


regarding  tha  priorities  of  the  two  tasks.  Ha  fouQ'i  that  performance  on  the 
tracking  task  tandad  to  show  a  reliable  decrement  if  the  instructions  gave 
priority  to  the  other  task.  He  also  found  that  tracking  tends  to  show  a  decre¬ 
ment  if  the  instructions  were  to  give  equal  priority  to  both  tasks,  or  if  no 
priority  instructions  ware  given.  For  studies  where  the  Instructions  gave 
priority  to  the  tracking  task,  Poulton  found  that  tracking  performance  did  not 
•how  a  decrement  if  the  second  task  did  not  compete  for  visual  attention  and  if 
the  responses  for  the  second  task  were  vocal.  In  studies  where  separate  visual 
displays  were  used  for  each  task,  or  where  the  second  task  required  a  manual 
response,  performance  of  the  tracking  task  still  showed  a  decrement,  even 
though  the  subjects  were  Instructed  to  give  priority  to  the  tracking  task. 

Theoretical  accounts  of  the  decrement  have  tended  to  focus  on  the  notion 
of  time-sharing.  Time-sharing  has  different  connotations  for  different  theo¬ 
retical  positions.  For  theories  which  view  the  human  as  a  single- channel 
information-processing  system,  time-sharing  Implies  that  attention  is  switched 
back  and  forth  between  tasks,  and  a  performance  decrement  occurs  whenever  the 
switching  cannot  occur  fast  enough  to  keep  up  with  the  processing  requirements 
of  each  task.  Time-sharing  is  seen  as  a  characteristic  of  individuals,  in  that 
some  people  can  switch  faster  than  ethers.  An  alternate  viewpoint  is  that  there 
are  multiple  processing  resources,  rather  than  a  single  channel,  and  that  these 
resources  must  be  shared  by  the  two  tasks  (33).  A  performance  decrement  occurs 
whenever  the  two  tasks  compete  for  a  given  resource.  This  model  accounts  for 
the  finding  that  performance  on  a  visual-manual  tracking  task  need  not  suffer  if 
the  second  task  is  auditory- vocal,  by  proposing  functionally  distinct  resources 
for  visual  vs.  auditory  Inputs,  and  for  manual  vc.  vocul  responses.  This  prin¬ 
ciple  has  been  extended  to  a  proposition  of  distinct  resources  for  central  pro¬ 
cessing  of  spatial  tasks  and  central  processing  of  verbal  tasks,  and  it  is  fur¬ 
ther  proposed  that  the  combinations  of,  visual  input — spatial  processing — manual 
output,  and  auditory  input — verbal  processing — vocal  output,  respectively,  are 
more  efficient  and  compatible  than  other  arrangements  (34).  Time-sharing  effi¬ 
ciency  la  suggested  to  be  enhanced  by  the  design  of  tasks  which  conform  to  the 
more  compatible  configurations.  A  primary  issue  in  time-sharing  research  is 
whether  an  individual's  facility  for  time-sharing  is  a  general  ability  which 
impacts  performance  on  a  variety  of  dual- task  combinations,  or  instead  is  a 
special  skill  which  arises  after  practice  on  a  given  dual-task  combination. 

The  impact  of  dual-task  conditions  on  response  organization  in  tracking 
tasks  has  been  given  little  attention.  Garvey  (13)  studied  the  development 
of  tracking  proficiency  in  single-task  conditions  over  25  days  of  practice, 
followed  by  3  days  of  dual-task  performance,  with  a  different  secondary  task 
on  each  day.  He  described  his  results  in  terms  of  an  analog  computer  model. 

He  found  that,  at  the  beginning  of  practice,  subjects  performed  analogously 
to  a  1-integrator  system  with  a  feed-forward  loop,  but  after  extended  practice, 
performance  was  analogous  to  a  2- Integra  tor  system.  When  the  secondary  task 
was  added,  performance  reverted  to  the  1-integrator  analogy  which  characterized 
initial  performance.  The  second  integrator  in  Garvey's  model  may  be  inter¬ 
preted  as  the  emergence  of  a  well-developed  temporal  organization  in  responding. 
If  so,  then  his  results  imply  that,  under  dual- task  conditions,  the  response 
organization  is  disrupted  and  performance  reverts  to  moment- by-moment  correc¬ 
tions  (the  1-integrator  system).  It  is  not  clear,  however,  whether  the  disrup¬ 
tion  in  response  organization  could  be  remedied  by  further  practice  in  dual¬ 
task  conditions. 
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Two  intriguing  possibilities  cone  to  mind  regarding  possible  interactions 
of  single-  vs.  dual-task  conditions  and  practice,  with  respect  to  response 
organization.  One  is  that  practice  under  single-task  conditions  is  important 
for  the  emergence  and  stabilization  of  response  organization,  and  that  the 
disruption  of  a  second  task  is  lessened  if  the  responses  are  well  organized. 

The  recovery  of  response  organization,  to  the  extent  possible,  might  be  has¬ 
tened  if  the  responses  were  well  organized  before  dual-task  conditions  were 
Imposed.  The  alternative  is  that  the  response  organization  which  develops 
under  single-task  practice  could  actually  be  inappropriate  for  dual-task  condi¬ 
tions.  The  dual- task  conditions  might  require  a  tracking  task  to  be  performed 
in  a  different  way  to  obtain  satisfactory  performance  on  both  tasks.  In  either 
case,  it  is  clear  that  the  response  organization  for  a  tracking  task  must  accom¬ 
modate  the  demands  of  a  second  task.  The  question  is  whether  the  accommodation 
of  the  second  task  is  achieved  by  developing  a  stable  and  efficient  organization 
in  single-task  conditions,  thereby  permitting  easier  accommodation  of  a  second 
task,  or  whether  the  second  task  must  be  accommodated  by  the  development  of  an 
organization  which  integrates  the  requirements  of  the  second  task  with  those  of 
the  tracking  task.  If  the  first  explanation  holds,  then  dual- task  performance 
should  be  enhanced  by  single-task  practice.  If  the  second  explanation  holds, 
then  single-task  practice  beyond  mere  familiarization  should  provide  little 
benefit  to  dual-task  performance;  dual-task  practice  would  be  required  for  the 
appropriate  response  organization  to  emerge. 

The  possibility  that  the  response  organization  required  for  dual- task  per¬ 
formance  might  be  fundamentally  different  from  the  organization  which  develops 
under  single-task  conditions  is  supported,  at  least  indirectly,  by  the  general 
tendency  for  part-task  training  based  on  fractionation  to  be  inferior  to  whole- 
task  training  (35).  It  is  further  supported  by  the  finding  of  Briggs  and 
Naylor  (5)  that  both  whole- task  training  and  progressive  part-task  training  (in 
which  crucial  part-task  components  are  combined  during  training)  resulted  in 
better  performance  in  the  transfer  conditions  than  either  a  pure-part  procedure 
or  a  simplification  procedure.  The  whole- task  and  progressive  part- task  proce¬ 
dures  both  allow  practice  under  conditions  where  performance  on  concurrent  sub¬ 
tasks  must  be  coordinated. 

The  issue  of  whether  dual-task  performance  is  enhanced  by  single-task  vs. 
dual-task  practice  has  important  implications  for  theoretical  perspectives  on 
human  performance  and  on  practical  issues  such  as  training  program  design.  An 
explicit  assumption  of  many  models  of  dual-task  performance  is  that  performance 
in  dual-task  conditions  is  largely  a  function  of  proficiency  on  the  component 
tasks;  the  debate  has  focused  on  the  nature  and  importance  of  other  factors 
such  as  time-sharing.  A  finding  that  performance  in  dual-task  conditions  is 
enhanced  by  extended  practice  in  single-task  conditions  would  support  this 
assumption.  The  alternate  finding,  that  proficiency  in  dual-task  conditions 
is  largely  independent  of  proficiency  in  dual-task  conditions,  would  certainly 
require  this  assumption  to  be  reconsidered.  Such  a  finding  would  also  imply 
that  training  programs  based  on  part-task  fractionation  procedures  are  likely 
to  be  ineffective.  The  experiment  reported  next  was  designed  to  allow  assess¬ 
ment  of  these  possibilities. 
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EXPERIMENTAL  METHOD 


Sub j acta 


Twelve  right-headed  male  undergraduate  students  enrolled  in  psychology 
courses  at  Georgia  Tech  served  as  experimental  subjects.  Subjects  were  sched¬ 
uled  for  testing  on  two  consecutive  days.  At  their  first  testing  session, 
subjects  read  and  signed  an  information  and  consent  form  which  described  the 
tasks  and  duration  of  testing*  At  the  conclusion  of  testing,  all  subjects 
received  extra  credit  in  their  psychology  course  for  their  participation. 

Tasks 

The  whole-task  condition  In  this  experiment  consisted  of  single-task 
performance  of  a  primary  tracking  task  for  15  s,  followed  by  dual-task  per¬ 
formance  of  the  primary  task  and  a  secondary  target-acquisition  task.  The 
primary  tracking  task  was  a  pursuit  task  in  which  the  input  signal  was  deter¬ 
mined  by  the  sum  of  two  sine  functions.  A  constant  was  added  and  subtracted 
from  this  function  to  form  two  parallel  sinusoids  which  were  displayed  on  a 
cathode-ray  tube  (CRT),  giving  the  appearance  of  a  winding  road  which  scrolled 
down  the  screen  over  time.  The  response  marker  (output  signal)  was  a  small 
circle.  The  vertical  position  of  the  circle  was  fixed  at  the  center  of  the 
display;  the  horizontal  position  was  determined  by  the  movement  of  a  joystick 
in  its  x-axis.  As  the  roadway  moved  downward,  the  subject's  task  was  to  move 
the  joystick  to  position  the  circle  as  close  to  the  center  of  the  road  as  pos¬ 
sible.  After  15  s,  a  target  array  containing  a  solid  circle,  square,  and  tri¬ 
angle  was  presented  to  the  left  of  the  road.  A  bell  was  sounded,  signalling  the 
appearance  of  the  target  array.  The  subject  examined  the  shapes  and  decided  if 
the  triangle  was  bounded  by  a  set  of  brackets,  which  represented  the  sight.  If 
the  triangle  was  inside  the  sight,  the  subject  continued  tracking  on  the  roadway 
until  the  trial  ended  and  the  screen  blanked.  If  the  triangle  was  not  Inside 
the  sight,  he  pressed  the  button  on  the  joystick  which  activated  the  target- 
acquisition  task.  Then  the  subject  concurrently  performed  the  pr- aary  tracking 
task  and  the  target-acquisition  task,  each  with  a  CRT  display  and  first-order 
joystick  control.  The  general  appearance  of  each  display  is  shown  in  Figure  1. 
The  right  hand  was  used  to  perform  the  primary  tracking  task;  the  left  hand  was 
used  for  the  target-acquisition  task. 

The  target-acquisition  task  was  displayed  on  a  second  CRT  located  directly 
below  the  primary  task  display.  On  the  display  was  an  expanded  view  of  the 
three  shapes,  in  the  same  relative  placement,  and  separated  by  the  same  pro¬ 
portional  distances  as  those  which  appeared  next  to  the  road  on  the  primary 
tracking  task.  The  3ight  was  fixed  in  the  center  of  the  screen.  The  joystick 
controlled  the  horizontal  movement  of  the  three  shapes  as  a  fixed  group  such 
that  any  of  the  shapes  could  be  placed  under  the  sight,  but  the  distances  be¬ 
tween  the  targets  and  their  position  relative  to  each  other  remained  constant. 
The  uubject  entered  this  target-acquisition  task  only  if  the  position  of  the 
triangxe  required  adjustment  for  it  to  appear  under  the  sight.  The  subject 
corrected  the  position  of  the  triangle  and  then  firmly  pressed  the  button  on 
the  target-acquisition  joystick  as  quickly  as  possible.  A  bell  sounded  to 
Indicate  that  the  button  had  been  sensed,  representing  the  initial  acquisition 
of  the  target.  Then  a  random  function  was  used  to  perturb  the  position  of  the 
target  from  side  to  side,  resulting  in  an  occasional  drift  of  the  target  away 
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Configuration  and  general  appearance  of  displays. 
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fro*  the  tight.  Tbt  subject's  task  vat  to  null  thaaa  drifts  at  quickly  at 
poa tibia. 

The  subjects  vara  instructed  to  axsaina  the  target  array  presented  on  the 
pries ry  display  and  to  decide  if  performance  of  the  target-acquisition  task  was 
required.  They  were  also  lnttructad  to  stabilise  the  position  of  the  response 
aarker  on  the  pr leery  task  before  Initiating  the  target-acquisition  task.  They 
were  told  that  initiation  of  the  acquisition  task  could  be  perforaed  at  any 
point  in  the  9-s  interval  between  the  appearance  of  the  target  array  at  the  top 
left  of  the  screen  and  its  disappearance  off  the  bottom  of  the  screen,  and  that 
speed  in  initiating  the  acquisition  task  was  not  of  Interest  in  the  study.  The 
subjects  were  further  Instructed  to  perforn  the  initial  acquisition  as  quickly 
as  possible  after  the  initiation  of  the  acquisition  task,  and  to  then  begin  to 
perform  both  tasks  sinul  taneously.  They  were  told  to  consider  both  tasks 
equally  laportant  during  the  dual-task  segaent  of  a  trial.  Once  initiated,  the 
target-acquisition  task  continued  for  12  s.  There  was  a  brief  period  after  the 
end  of  the  acquisition  task  in  which  the  primary  task  alone  was  active;  the  dur¬ 
ation  of  this  period  depended  on  how  quickly  the  subject  initiated  the  acquisi¬ 
tion  task. 

Subjects  receiving  part- task  training  on  the  two  coaponent  tasks  were  pre¬ 
sented  with  the  saae  displays  used  in  whole-task  performance,  with  minor  proce¬ 
dural  differences.  On  the  prlaary  tracking  task,  subjects  tracked  the  changing 
roadway  for  30  s  without  interruption  by  display  of  the  targets.  On  the  target- 
acquisition  task,  at  the  beginning  of  each  trial,  a  bell  sounded  and  the  screen 
displayed  TRIAL  STARTING...  Several  seconds  later,  the  trial  automatically 
started  with  the  screen  display  of  the  three  shapes  and  the  target  Indicator; 
each  trial  lasted  for  12  s. 


Apparatus 

Subjects  were  tested  with  a  sound-attenuated  chamber  (Industrial  Acoustics 
Co.,  Bronx,  New  York)  with  the  door  open  throughout  the  experimental  testing 
session.  A  30.48-cm  (12.2  in.)  monochrome  CRT  display  (Zenith  Data  Systems, 

Model  ^ZVM-121)  was  placed  at  a  viewing  height  of  110.8  cm  (44.3  in.)  above  the 
chamber  floor.  Directly  below  the  monochrome  display,  a  30.48-cm  (12.2  in.) 
color  CRT  display  (Quadchrome,  Model  #HX-12)  was  placed  at  a  viewing  height  of 
81.0  cm  (32.4  in.)  above  the  chamber  floor.  The  subject  was  comfortably  seated 
at  a  chair  height  of  44.5  cm  (17.8  in.)  directly  in  front  of  the  CRT  displays. 
Joysticks  were  secured  at  29.25  cm  (11.7  in.)  from  the  center  of  the  lower  CRT 
display  directly  to  each  side.  Each  joystick  was  fixed  in  the  center  of  the 
y-axls  and  could  move  130  degrees  along  the  x-axis.  A  response  button  was 
located  in  the  upper  left  corner  of  each  joystick.  Directly  outside  the  sound- 
attenuated  chamber,  an  IBM  PC  controlled  the  prlaary  tracking  task  on  the  upper 
display  and  an  IBM  XT  controlled  the  target-acquisition  task  on  the  lower  display. 

Procedure 


Subjects  were  randomly  assigned  to  one  of  three  groups  as  shown  in  Table  1. 
Notice  that  all  groups  received  Identical  treatment  on  day  2:  4  blocks  of 

whole-task  performance.  On  day  1,  group  1  received  whole-task  training  and 
groups  2  and  3  received  part-task  training.  Group  3  differed  from  group  2  by 


receiving  twice  as  such  training  on  target  acquisition.  On  day  1 ,  all  aubjacta 
raad  tha  inforaation  and  conaan t  form  and  answered  tba  quaationa. 


TABLE  1.  EXPERIMENTAL  DESIGN 


Group 

D*y  i 

Day  2 

1 

3  blocks  whole  task* 

4  blocks  whole 

task* 

2 

3  blocks  primary  task  plus 

4  blocks  whole 

task* 

3  blocks  target  acquisition 

3 

3  blocks  priaary  tracking  plus 

4  blocks  whole 

task* 

6  blocks  target  acquisition 

* 

♦The  whole  task  consisted  of  a  segment  in  which  tha  priaary  tracking  task  was 
performed  alone,  followed  by  a  segment  in  which  the  priaary  tracking  task  .and 
target-acquisition  tank  were  performed  concurrently. 


Subjects  in  whole-task  training  received  a  demonstration  of  the  primary 
tracking  task  and  target-acquisition  task  separately,  and  then  were  shown  the 
two  component  tasks  as  a  dual  task.  The  following  strategy  was  suggested  to 
all  subjects:  Center  the  joystick  between  trials  on  both  tasks  so  that  the 
position  of  the  open  circle  on  the  upper  task  and  the  position  of  the  targets 
in  the  lower  task  would  be  stable  when  the  next  trial  began.  Subjects  were 
also  instructed  to  correct  the  bottom  task  only  when  the  triangle  drifted  out¬ 
side  the  bounds  of  the  sight.  Subjects  were  given  3  blocks  of  15  trials  each 
on  day  1.  Day  2  performance  wrs  Identical  to  day  1  training,  except  that  4 
blocks  of  15  trials  were  performed. 

Subjects  In  the  part-task  training  groups  received  only  a  demonstration  of 
the  primary  tracking  task  and  the  target-acquisition  task  separately.  Subjects 
were  first  given  3  blocks  of  15  trials  on  the  primary  task,  and  then  were  given 
either  3  or  6  blocks  of  12  trials  each  on  the  acquisition  task.  On  day  2,  sub¬ 
jects  in  both  part-task  training  groups  were  given  a  demonstration  of  the  whole 
task  and  the  strategies  that  had  been  given  to  the  whole-task  training  group  on 
day  1.  They  were  then  given  4  blocks  of  15  trials  on  the  whole  task. 

The  position  of  the  targets  and  the  distance  between  them  were  randomized 
within  blocks  for  all  subjects.  Within  each  block,  3  trials  were  given  on  which 
no  correction  of  the  triangle's  position  was  needed.  Twelve  trials  remained 
where  the  subjects  needed  to  perform  the  target-acquisition  task.  Of  these 
12  trials,  6  required  movement  of  the  triangle  to  the  left,  and  6  required  move¬ 
ment  to  the  right.  Three  distances  between  targets  were  used:  2.2  cm  (0.88  in.), 
3.3.  cm  (1.32  in.),  and  4.5  cm  (1.8  in.).  The  12  trials  were  arranged  so  that 
each  possible  combination  of  direction  and  distance  appeared  exactly  twice,  in 
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a  random  order.  Tb«  3  catch  trials  (i.a.,  tha  trlaogla  was  already  sighted) 
ware  randomly  later  spar  sad  with  tha  test  trials.  Tha  inclusion  of  the  catch 
trials  and  tha  usa  of  tha  various  distance-direction  combinations  in  randoa 
ordar  producad  a  task  which  was  inherently  unpredictable  with  respect  to  the 
initial  acquisition  of  tha  target.  Tha  sampling  interval  for  data  collection 
was  274  as  on  tha  primary  tracking  task  and  55  as  on  tha  target-acquisition 
task. 


Rationale 


Tha  axparlaant  described  earlier  permits  assessment  of  a  number  of  issues 
related  to  the  effects  of  whole  vs.  part  training  on  proficiency  and  response 
organisation.  The  transfer  condition  (i.a.,  day  2)  is  one  in  which  the  whole 
task  requires  performance  of  the  primary  tracking  task  both  alone  and  with  the 
target-acquisition  task.  Thus,  proficiency  in  both  conditions  is  of  Interest 
and  can  be  assessed  separately  throughout  practice  on  day  2.  Response  organisa¬ 
tion  can  also  be  assessed  separately  for  single-task  and  dual-task  conditions 
on  day  2.  The  primary  tracking  task  facilitates  response  organisation.  The 
summed  sine  waves  produce  a  pattern  that  is  easy  to  learn,  and  the  provision  of 
substantial  preview  should  eliminate  any  uncertainty  associated  with  changes  in 
the  input  signal.  In  contrast,  the  target-acquisition  task  does  not  facilitate 
response  organisation.  The  target  array  presented  on  the  primary  tracking 
display  permitted  anticipation  of  the  direction  and  amplitude  o.f  the  initial 
acquisition,  but  beyond  this  point,  the  task  was  Inherently  unpredictable. 

When  performed  alone,  this  task  is  quite  simple,  even  though  the  responses  are 
limited  to  moment-by-moment  reactions  to  observed  error.  Thus,  Interest  in 
r  oflclency  on  this  task  is  limited  to  dual- task  conditions. 


RESULTS  AND  DISCUSSION 

The  measures  of  overall  performance  on  the  primary  tracking  task  are  RMSE 
.  the  single-task  segment  of  the  trial  (RMSE1),  and  RMSE  in  the  dual-task  seg¬ 
ment  (RMSE2).  The  RMSE1  was  calculated  for  the  period  from  the  beginning  of  the 
trial  until  the  targets  appeared  on  the  top  display.  The  RMSE2  was  calculated 
frr  .  the  time  the  subject  pressed  the  button  on  the  right  joystick,  thereby 
ini  da  ting  the  target-acquisition  task,  until  the  target-acquisition  task  was 
~  r  lie  ted.  The  overall  performance  measures  on  the  target-acquisition  task  are 
acquisition  time  (AQTIME),  measured  from  the  initiation  of  the  task  until  the 
subject  pressed  the  button  on  the  left  joystick,  and  RMSE  from  that  point  until 
the  end  of  the  acquisition  task  (AQRMSE).  The  accuracy  of  the  Initial  acquisi¬ 
tion  was  also  calculated,  but  Inspection  of  these  data  revealed  that  instances 
in  which  the  target  was  not  within  the  boundaries  of  the  sight  were  extremely 
rare.  No  further  analyses  of  these  data  were  performed.  It  should  be  noted 
that  there  were  very  few  Instances  where  a  subject  initiated  the  acquisition 
task  when  it  was  inappropriate  (l.e«,  the  catch  trials),  or  where  a  subject 
failed  to  initiate  the  acquisition  task  within  the  specified  time  limit.  Data 
from  the  few  trials  where  a  subject  performed  inappropriately  are  not  Included 
in  the  analyses.  Data  from  the  catch  trials  are  also  excluded  from  the  analyses. 
The  analyses  focus  on  blocks  2-4  of  day  2;  block  1  of  day  2  is  omitted  because 
of  potential  warm-up  effects.  All  RMSE  measures  are  expressed  in  the  coordinate 
units  of  the  graphics  system  which  controlled  the  displays. 


The  group  means  on  RMSU  or*  shown  in  Flguro  2.  Thoro  wort  no  sign if leant 
differences  between  thn  group*  or  nero**  block*.  Examination  of  tho*o  naan* 
suggest*  that  sing  la- task  proficiency  on  tha  primary  tracking  usk  was  s  cable 
and  roughly  equal  for  all  groups.  This  pa  turn  was  not  tha  case  for  dual- task 
proficiancy.  Tha  group  moans  on  RMSE2  are  shown  In  Figure  3.  Tha  whole- usk 
group  showed  a  steady  Improvement  (i.e.,  decreased  RMSI2)  across  blocks  2-4, 
whereas  the  part-Usk  groups  did  not.  Tha  aaans  for  the  part- task  groups  are 
somewhat  misleading  because  they  era  Inf  laud  by  extremely  high  RMSK2  scores  on 
a  few  trials  In  which  tha  subject  lost  control  of  tha  primary  tracking  usk. 

That  is,  tha  subject  did  not  aubllisa  the  cursor  position  on  tha  prlaary  usk 
before  atundlng  to  tha  urge  t-acquisl tlon  usk.  Consequently,  tha  cursor  moved 
farther  and  farther  away  from  tha  road,  and  In  soma  inaunces,  It  disappeared 
from  the  display.  Three  of  the  four  aubjacu  la  each  part-usk  group  lost  con¬ 
trol  of  tha  primary  usk  on  at  least  one  trial  in  blocks  2  and  3.  This  action 
produced  heurogeneous  wlthln-group  variances  for  blocks  2  and  3;  inferential 
casts  are  therefore  inappropriate.  By  block  4,  all  subjects  ware  able  to  as  in¬ 
ula  control  over  the  primary  usk.  Tha  difference  between  groups  at  block  4 
Is  significant  (F  *  4.89;  df  -  2,  9;  p<0.05). 

It  is  worthwhile  to  nou  that,  by  block  4,  there  was  virtually  no  overlap 
of  the  subject  naans  in  the  whole-usk  group  with  tha  subject  means  in  the 
part-Usk  groups;  the  highest  subject  mean  in  tha  whole-usk  group  and  the 
lowest  subject  naan  in  the  par  .  ^ak  groups  ware  roughly  equal.  Thus,  there 
was  a  whole-usk  training  advauuge  for  dual-Usk  performance  of  the  primary 
tracking  Usk,  and  this  advantage  became  more  pronounced  across  practice  on 
day  2. 

Tha  group  moans  ou  AQRMSE  are  shown  in  Figure  4.  The  group  effect  is 
significant  (F  -  3.89;  df  ■  2,  9;  p<0.C5),  Post  hoc  contrasts  reveal  that  the 
part-usk  groups  ware  significantly  botur  than  the  whole-usk  group  for  blocks 
2  snd  3,  but  the  difference  at  block  4  was  not  significant.  Thus,  there  was  a 
part-usk  training  advanuge  for  the  urge t-acqulsl tlon  usk,  but  this  advanuge 
became  lass  pronounced  across  practice  on  day  2.  Thera  was  apparently  no  addi¬ 
tional  advantage  from  the  extra  practice  provided  for  group  3. 

There  were  no  differences  aaong  tha  groups  on  AQTIME.  The  group  means  on 
this  measure  are  shown  in  Figure  3. 

i 

It  la  important  to  nou  that  the  differences  between  the  groups  on  RMSE2  J 

and  AQRMSE  cannot  be  readily  explained  by  arguing  that  the  two  usks  were 
allocated  different  priorities  by  the  groups.  The  whole-usk  group  actually 
improved  on  both  Usks  throughout  day  2;  both  part-usk  groups  remained  about  I 

thn  same  on  both  usks.  If  the  whole-usk  group  merely  gave  higher  priority  to  j 

tha  prlaary  tracking  Usk  while  the  part-usk  groups  gave  higher  priority  to 
the  Urge  t-acqulsl  tlon  task,  then  one  would  not  expect  the  vhole-Usk  group  to  j 

simultaneously  increase  its  advanuge  on  the  prlaary  usk  and  decrease  its  dis-  ' 

advanuge  ou  the  acquisition  usk.  Although  thore  could  have  been  differences 
in  priorities,  it  is  not  clear  how  the  whole-task  group's  priorities  coulu  allow  j 

performance  of  both  Usks  to  improve,  while  the  part-usk  groups'  priorities  1 

did  not  allow  performance  of  either  usk  to  Improve.  A  more  reasonable  inur-  J 

pre cation  is  that  the  whole-usk  training  given  group  1  allowed  the  development  | 

of  a  response  organisation  which  accommodated  the  demands  of  both  usks.  As 
this  organisation  developed,  performance  on  both  usks  Improved.  The  part-usk 
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Figure  2.  Primary  tracking  task:  Mean  RMSE  for  single-task  segment. 


Figure  4.  Target  acquisition  task:  Mean  RMSE  aftar  Initial  target  acquisition. 


Figure  S.  Target  acquisition  task:  Mean  time  required  for  initial  target  acqui¬ 
sition. 
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training  given  groups  2  tod  3  provided  on  initial  advantage  for  performance 
of  tha  ur  go  t-ecqulsl tlon  task,  perhaps  by  simply  allow  log  thoao  aubjocta  to 
become  well-acquainted  with  tho  typical  dynamics  of  tha  task.  But  tha  part- 
task  training  did  not  promo ta  a  raspoaaa  orgaalsatloa  which  accommodated  tha 
concur  rant  demands  of  both  tasks,  and  no  further  improvements  la  proficiency 
were  possible  without  aa  appropriate  orgaalsatloa. 

Any  assessment  of  response  organisation  is  necessarily  Indirect.  The 
available  dau  are  simply  the  frequencies  sad  magnitudes  of  different  types  of 
responses,  such  as  leads  and  lags  in  the  temporal  domain,  and  undershoots  and 
overshoots  la  the  spatial  domain.  An  assessment  of  response  organisation  for  e 
given  point  in  practice  la  largely  limited  to  a  description  of  the  relationships 
between  these  different  types  of  raaponses  and  overall  performance.  Assessment 
of  response  organisation  development  with  extensive  practice  can  be  more  sophis¬ 
ticated,  but  requires  a  much  larger  sample  else  than  was  possible  here. 

The  response  organisation  in  the  primary  tracking  task  Is  of  principal 
interest  here.  The  target-acquisition  task  did  not  permit  anticipation  of 
responses  to  any  great  extant,  except  that  the  direction  (and  to  some  extent 
the  amplitude)  of  the  Initial  acquisition  could  be  Inferred  from  tha  urget 
array  presented  on  the  primary  tracking  task  display.  Beyond  that  point,  the 
task  was  Inherently  unpredictable.  The  primary  tracking  task  was  entirely 
predictable,  due  to  the  repetitivenese  of  tha  input  function  end  the  preview 
of  tha  display.  Thus,  the  response  organisation  for  single-task  parforeanca 
could  be  expected  to  develop  rather  quickly.  The  Issues  to  be  addressed  are 
as  follows:  (1)  the  nature  of  the  impact  of  dual-usk  conditions  on  response 
organisation;  (2)  the  extent  to  which  responses  in  the  dual-task  condition 
were  organised,  and  whether  this  organisation  (if  present)  is  different  froa 
single- task  organisation;  and  (3)  whether  there  are  any  differences  between 
the  groups  in  response  organisation  that  can  be  attributed  to  differences  in 
training.  A  reasonable  assumption  is  that  the  timing  of  responses  on  the  pri¬ 
mary  tracking  task  is  the  locus  of  disruption  in  dual-task  conditions,  because 
the  unpredictable  target-acquisition  task  required  frequent  diversion  of  visual 
attention  to  the  acquisition  display  even  if  no  manual  response  was  required. 
With  a  constantly  changing  input  function  and  first-order  control  on  the  pri¬ 
mary  task,  the  timing  of  control  movements  was  probably  the  major  determinant 
of  overall  performance.  When  visual  attention  was  diverted,  proper  timing  was 
undoubtedly  more  difficult.  Therefore,  the  temporal  response  organisation  is 
the  focus  of  the  following  assessment. 

The  temporal  organisation  of  responses  in  the  primary  tracking  task  was 
assessed  as  follows.  Cursor  positions  for  a  coeplete  period  of  the  input  func¬ 
tion  (6.7  s)  in  the  single- task  segment  of  a  trial  were  examined  and  changes  in 
tha  direction  of  cursor  movement  (l.e.,  the  output  signal)  were  identified.  The 
input  function  during  this  period  had  six  changes  in  direction.  The  changes  in 
the  output  signal  direction  were  classified  according  to  whether  they  preceded 
changea  in  the  direction  of  input  function  (LEADS),  were  in  synchrony  with 
changes  in  the  input  function  (SYNCS),  or  followed  changes  in  the  direction 
of  the  input  function  (LAGS).  A  fourth  category  was  used  for  instances  in 
which  no  response  was  made  to  a  change  in  the  direction  of  the  input  function 
(NOtlOVES).  Cursor  positions  for  an  identical  period  of  the  input  function 
in  the  dual-task  segment  of  a  trial  were  subject  to  the  same  analysis.  The 
starting  and  ending  points  of  the  input  function  period  were  carefully  chosen, 
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•o  that  the  analysed  movements  would  bo  froo  of  oxtronoouo  influences.  The 
period  one  lysed  for  the  single-task  segment  began  about  4.0  s  after  the  trial 
started  and  ended  at  about  10.7  a  into  the  trial *  thereby  excluding  any  inad- 
vertant  eoveaenta  which  eight  have  been  produced  by  an  off-ceatar  joystick 
position  at  the  beginning  of  a  trial*  and  any  eoveaenta  which  eight  have  been 
influenced  by  the  appearance  of  the  target  array  IS  a  into  the  trial.  The 
period  analysed  for  the  dual-task  sag  sent  began  about  24.1  a  into  the  trial  and 
ended  about  30.8  a  into  the  trial.  The  beginning  of  this  period  wee  about  9.1  a 
after  the  target  array  wea  first  presented*  thereby  allowing  nore  than  enough 
tine  for  e  subject  to  exaalne  the  array*  initiate  the  second  task*  perform  the 
Initial  acquisition,  and  then  begin  to  perform  both  tasks  concurrently.  The 
mean  percent  of  each  response  type  (LEADS*  SYNCS,  LAGS*  and  NOMOVES)  in  the 
single-task  and  the  dual- task  conditions  is  shown  for  each  group  and  block  in 
Table  2. 


TABLE  2.  RELATIVE  FREQUENCY  OF  EACH  RESPONSE  TYPE* 


Group 

Variable 

8lagle-task  augment  (f ) 

Block 

2  3  4 

Dual- task  segment  (X) 

Block 

2  3  4 

1 

LEADS 

12.8 

15.7 

9.0 

18.8 

18.3 

19.2 

SYNCS 

34.8 

58.2 

38.2 

22.5 

26.0 

36.5 

LAGS 

29.5 

25.3 

32.7 

42.6 

40.0 

33.3 

NOMOVES 

2.9 

0.8 

0.1 

16.1 

15.7 

11.0 

2 

LEADS 

12.2 

10.5 

12.2 

19.8 

17.0 

14.2 

SYNCS 

65.3 

61.8 

62.2 

36.5 

41.0 

41.0 

LAGS 

20.0 

23.7 

25.0 

21.5 

28.3 

33.0 

NOMOVES 

2.5 

4.0 

0.6 

22.2 

13.7 

11.8 

3 

LEADS 

22.5 

20.8 

16.7 

20.5 

22.2 

19.2 

SYNCS 

46.5 

54.8 

57.0 

31.3 

29.5 

27.7 

LAGS 

27.8 

23.7 

23.3 

34.7 

33.0 

31.7 

NOMOVES 

3.2 

0.7 

3.0 

13.5 

15.3 

21.4 

*Fr«quencles  were  computed  for  one  complete  period  of  the  input  function  within 
each  segment  so  that  they  would  be  comparable.  Responses  during  other  portions 
of  each  segment  are  not  included. 


Overall,  the  groups  are  quite  similar  in  each  category,  and  there  are  no 
pronounced  trends  across  blocks.  The  major  differences  are  between  single-task 
and  dual- task  performances.  The  majority  of  changes  in  the  input  signsl  direc¬ 
tion  were  accompanied  by  synchronous  changes  in  the  output  signal  direction  in 
the  single- task  segment;  this  was  not  the  case  for  the  dual- task  segment.  There 
were  few  Instances  of  NOMOVES  in  the  single-task  segment,  whereas  in  the  dual¬ 
task  segment,  typically  1QX-20X  of  the  changes  in  the  input  signal  were  not 


accompanied  by  «  chant*  in  output  signal  dlctctlon  at  any  point.  Tha  ralativ* 
Quabat  of  LXAOS  and  LAGS  tandad  to  ba  slightly  hlghac  In  tha  dual -task  sagaant 
than  In  tha  slngla-task  sagaant. 

Basad  on  tha  data  shown  In  Tabla  2,  It  Is  clear  that  tha  daaands  of  tha 
target-acquisition  task  lapactad  parforaanca  on  tha  prlaary  tracking  uak  by 
radudng  tha  nuabar  of  SYNCS  and  graatly  incraaalng  tha  nuabar  of  NOHOVES. 

Thar*  was  also  a  graatar  tandancy  to  coaait  LEADS  and  LAGS  In  tha  dual-task 
sagaant.  Thasa  af facts,  consldarad  alona,  ar*  not  surprising.  Tha  targat- 
acqulsltion  task  daaandad  that  visual  attantloo  ba  periodically  shifted  away 
froa  tha  prlaary  tracking  display,  tha r a by  reducing  the  nuabar  of  SYNCS  and 
incraaalng  tha  nuabar  of  LEADS,  LAGS,  and  NOMOVES.  An  additional  considera¬ 
tion  Is  tha  relationship  between  overall  parforaanca  of  tha  prlaary  tracking 
task  and  tha  tendencies  to  coaait  these  different  types  of  responses* 

The  correlations  between  overall  parforaanca  on  tha  single-  and  dual-task 
segments  of  tha  prlaary  tracking  task  and  tha  frequencies  of  LEADS,  SYNCS,  LAGS, 
and  NOMOVES  during  tha  selected  period  In  each  sagaant  ar*  shown  for  each  group 
in  Table  3.  Thasa  correlations  ware  obtained  by  coaputlng  tha  correlation  be¬ 
tween  tha  frequency  of  each  response  type  and  RMSE,  and  then  reversing  the  sign. 


TABLE  3.  CORRELATION  BETWEEN  RAW  FREQUENCY  OF  EACH  RESPONSE  TYPE 
AND  OVERALL  PERFORMANCE* 


Group 

Response  type 

Single-task 

Condition 

segment  Dual-task  sagaant 

1 

LEADS 

0.01 

0.28 

SYNCS 

0.41 

0.47 

LAGS 

-0.32 

-0.21 

NOMOVESb 

— 

-0.56 

2 

LEADS 

-0.04 

0.11 

SYNCS 

0.44 

0.05 

LfiGS 

-0.19 

0.01 

NOMOVESb 

— 

-0.16 

3 

LEADS 

-0.10 

0.10 

SYNCS 

0.25 

0.35 

LAGS 

-0.17 

-0.05 

NONOVESb 

-0.39 

•Table  entries  are  the  correlations  between  the  nuaber  of  each  response  type 
and  RMSE,  with  the  sign  reversed.  Trials  in  which  the  task  was  not  performed 
correctly  are  excluded,  as  are  all  trials  In  block  1.  Typically,  each  correla¬ 
tion  Is  based  on  144  trials  (36  per  subject). 

bNOMOVES  ware  quite  Infrequent  in  the  single- task  segment;  the  associated 
correlations  are  omitted. 
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(Note  that  these  correlations  are  based  on  multiple  observations  per  subject  and 
oust  be  interpreted  simply  as  a  description  of  the  present  data,  not  as  estimates 
of  population  parameters.)  Comparison  of  these  correlations  between  groups  and 
conditions  suggests  that  the  response  organization  was  different  in  the  single- 
task  vs.  dual-task  segments,  and  that  the  groups  differed  in  the  extent  to  which 
their  responses  were  well  organized  in  the  dual-task  segment.  The  correlations 
in  the  single-task  segment  are  similar  for  all  groups— the  positive  correlation 
of  the  number  of  SYNCS  with  overall  performance  Zj  fairly  strong,  and  there  is 
a  moderate,  negative  correlation  between  the  number  of  LAGS  and  overall  perform¬ 
ance.  The  correlation  of  overall  performance  with  the  number  of  LEADS  is  about 
zero.  This  pattern  makes  sense — one  would  expect  the  number  of  SYNCS  to  be 
positively  correlated  with  performance,  and  for  the  number  of  LAGS  to  be  nega¬ 
tively  correlated  with  performance.  The  near-zero  correlation  of  the  number  of 
LEADS  with  overall  performance  is  also  understandable,  in  that,  if  a  LEAD  was 
committed,  the  error  induced  by  the  LEAD  could  quickly  be  eliminated  by  slowing 
the  rate  of  change  in  the  output  signal.  The  error  induced  by  a  LAG,  however, 
could  not  necessarily  be  eliminated  by  increasing  the  rate  of  change  in  the 
output  signal,  because  the  maximum  obtainable  rate  in  the  output  signal  was 
roughly  equal  to  the  maximum  rate  present  in  the  input  signal. 

The  patterns  of  correlations  in  the  dual-task  segment  are  somewhat  differ¬ 
ent  from  those  obtained  for  the  single-task  segment.  Iu  particular,  note  that 
the  correlations  for  group  2  (part-task  practice  group)  are  all  near  zero, 
indicating  that  there  was  no  systematic  effect  (positive  or  negative)  of  any 
response  type  for  this  group.  Even  the  number  of  SYNCS  has  a  near-zero  corre¬ 
lation  with  performance.  In  contrast,  the  whole-task  practice  group  (group  1) 
shows  a  fairly  strong  positive  correlation  between  SYNCS  and  overall  performance, 
a  strong  negative  correlation  of  NOMOVES  with  performance,  and  a  moderate  nega¬ 
tive  correlation  of  LAGS  with  performance.  Furthermore,  the  number  of  LEADS  is 
positively  correlated  with  performance,  suggesting  that  group  1  subjects  had 
learned  to  make  beneficial  anticipation  of  changes  in  the  direction  of  the  input 
signal.  A  reasonable  speculation  is  that  these  subjects  may  have  learned  to 
commit  a  LEAD  before  switching  their  visual  attention  to  the  target-acquisition 
display  during  the  dual-task  segment.  The  pattern  for  group  3  suggests  that 
their  responses  were  somewhat  better  organized  than  group  2,  but  not  nearly  as 
well  organized  as  group  1. 

The  obvious  differences  in  the  pattern  of  correlations  for  groups  1  and  2, 
cor  the  dual-task  segment,  suggests  that  the  whole-task  practice  performed  by 
group  1  allowed  their  responses  to  become  organized  to  some  degree,  whereas  the 
part-task  practice  performed  by  group  2  did  not  facilitate  the  development  of  a 
response  organization  appropriate  for  the  dual-task  segment  of  whole-task  per¬ 
formance.  Further  evidence  on  the  differences  between  these  two  groups,  and 
the  different  organizations  characteristic  of  performance  in  the  single-  vs. 
dual-task  segments,  is  obtained  by  examining  the  correlations  between  the  mean 
number  of  each  response  type  and  mean  overall  performance,  averaging  across  all 
trials  within  blocks  for  each  subject.  These  correlations  are  shown  in  Table  4. 
Whereas  the  correlations  in  Table  3  reflect  the  relationship  between  the  number 
of  each  type  of  response  on  a  given  trial  and  overall  performance  on  that  trial, 
the  correlations  in  Table  4  indicate  whether  the  subjects  who  tended  to  perform 
better  in  a  given  block  also  tended  to  commit  greater  or  fewer  numbers  of  each 
response  type.  The  effect  of  the  averaging  is  to  reduce  the  influence  of  unsys¬ 
tematic  components  of  variance  (i.e.,  error  variance),  thereby  allowing  the 


correlations  to  more  accurately  reflect  the  systematic  relationships  between 
overall  performance  and  the  frequencies  of  each  response  type. 


TABLE  4.  CORRELATIONS  BETWEEN  MEAN  FREQUENCY  OF  EACH 
RESPONSE  TYPE  AND  MEAN  OVERALL  PERFORMANCE* 


Condi tion 

Group 

Response  type 

Single -task  segment 

Dual -task  segment 

1 

LEADS 

-0.57 

0.67 

SYNCS 

0.77 

0.90 

LAGS 

-0.15 

-0.77 

NOMOVES 

-0.54 

-0.88 

2 

LEADS 

-0.36 

0.48 

SYNCS 

0.84 

-  -0.12 

LAGS 

-0.61 

-0.24 

NOMOVES 

-0.69 

0.08 

★Table  entries  are  the  correlations  between  the  mean  frequency  of  each  response 
type  and  mean  RMSE,  with  the  sign  reversed.  Means  were  computed  from  each  sub¬ 
ject  on  blocks  2-4. 


The  pattern  of  correlations  in  Table  4  is  quite  clear.  In  the  single-task 
segment,  better  performance  was  strongly  associated  with  greater  numbers  of 
SYNCS  and  fewer  numbers  of  LEADS,  LAGS,  and  NOMOVES;  this  is  true  for  both 
groups.  In  contrast,  better  performance  in  the  dual-task  segment  was  strongly 
associated  with  greater  numbers  of  SYNCS  and  LEADS  and  fewer  numbers  of  LAGS 
and  NOMOVES  for  the  whole- task  group.  The  part- task  group  did  not  show  this 
pattern,  except  that  better  performance  was  associated  with  the  greater  number 
of  LEADS.  The  other  correlations  for  this  group  are  quite  low,  even  though  the 
Influence  of  other  sources  of  variance  was  reduced  by  averaging  within  blocks. 

It  appears  that  the  dual-task  response  organization  for  group  2  was  simply  not 
well  developed. 

In  summary,  part-task  practice  of  a  simple  target-acquisition  and  tracking 
task  was  found  to  provide  an  initial  advantage  on  that  task  during  dual-task 
performance,  although  the  advantage  was  short-lived.  This  task  was  Inherently 
unpredictable  and  thus  did  not  allow  anticipation  of  responses.  Performance  of 
a  complex  tracking  task  which  did  encourage  anticipation  was  found  to  benefit 
from  whole-task  practice.  The  whole-task  condition  was  arranged  so  that  the 
complex  task  was  performed  alone  at  the  beginning  of  a  trial,  followed  by  a 
period  in  which  the  target-acquisition  task  was  added.  A  more  detailed  analysis 
of  performance  of  the  complex  task  suggested  that  different  response  organiza¬ 
tions  were  appropriate  for  the  single-  vs.  dual-task  segments,  and  that  the 
dual-task  organization  was  far  better  developed  in  the  whole-task  practice 
group  than  in  the  part- task  groups. 
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CONCLUSIONS 


la  retrospect,  it  seems  likely  that  the  moat  effective  training  regimen 
would  have  bean  one  la  which  the  targe t-acquisitlon  task  was  pra  ticed  alone, 
followed  by  training  of  the  whole  task.  This  regimen  would  provide  both  the 
part- training  advantage  for  the  acquisition  task  and  the  whole- training  advan¬ 
tage  for  the  primary  task. 

Tasks  which  do  not  facilitate  response  organization,  and  which  must  be 
performed  in  dual-task  conditions,  may  benefit  from  training  in  single-task 
conditions.  This  benefit  may  simply  be  a  matter  of  allowing  subjects  to  become 
acquainted  with  the  dynamics  of  the  task  and  to  learn  its  typical  properties; 
there  is  little  else  to  be  learned.  Extensive  practice  on  such  tasks  is  prob¬ 
ably  not  required. 

Tasks  which  do  facilitate  response  organization,  and  which  must  be  per¬ 
formed  in  dual- task  conditions,  may  benefit  from  training  In  the  dual-task 
conditions.  The  response  organization  which  is  promoted  by  single-task  prac¬ 
tice  may  be  inappropriate  for  the  combined  demands  of  the  dual  task. 

The  assumption  that  performance  in  dual-task  conditions  is  primarily  a 
function  of  single-task  proficiency  should  be  reconsidered.  The  fact  that 
different  response  organizations  may  be  appropriate  for  single-  vs.  dual-task 
conditions  implies  that  there  is  not  necessarily  a  direct,  causal  link  between 
single-task  proficiency  and  dual-task  performance. 

Human  performance  in  tracking  tasks  can  be  enhanced  in  two  primary  ways: 

(1)  designing  the  task  so  that  response  organization  is  facilitated;  and 

(2)  providing  training  regimens  which  allow  an  appropriate  response  organiza¬ 
tion  to  develop  and  stabilize. 


RECOMMENDATIONS 

The  interpretive  framovork  offered  earlier,  and  the  principles  derived 
from  it,  are  based  on  a  synthesis  of  theoretical  constructs  and  empirical 
findings  from  a  wide  variety  of  studies.  Further  research  is  needed  to  allow  ] 

assessment  of  the  derived  principles  and  the  predictions  offered  by  the  frame¬ 
work.  With  additional  refinement,  it  is  possible  that  the  framework  could 
produce  a  we  11 -developed  theoretical  perspective  which  embraces  both  the 
results  and  processes  of  the  development  of  skill.  Pursuit  of  this  goal 
requires  a  program  of  experimental  and  correlational  research  which  uses  a 
variety  of  tracking  tasks,  fairly  extensive  practice  regimens,  and  relatively 
large  samples.  The  first  stage  of  this  program  should  concentrate  on  experi¬ 
mental  manipulations  which  affect  the  superdiagonal  form  of  the  correlation 
matrix  and  the  pattern  of  correlations  in  the  first  off-diagonal.  Previous 
research  has  tended  to  neglect  the  effects  of  properties  of  the  control  mech¬ 
anism  on  practice  requirements,  and  should  be  Included  in  the  first  stage  of 
this  program.  When  the  factors  which  affect  the  correlation  matrix  are  better  j 

understood,  latent  variable  models  of  the  variance-covariance  structure  may  be 
developed  and  tested  with  powerful  confirmatory  analysis  techniques. 
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A  second  area  In  which  further  research  is  particularly  promising  is 
response  organization  in  dual-task  conditions.  We  recommend  that  the  whole- 
task  configuration  used  in  the  present  research  be  modified  to  include  three 
segments:  single-task  performance  of  one  task,  followed  by  dual-task  perform¬ 
ance,  followed  by  single-task  performance  of  the  second  task.  Such  a  whole 
task  will  allow  assessment  of  proficiency  in  both  components  for  single-  and 
dual -task  conditions  throughout  practice.  Two  particular  issues  were  left 
unresolved  in  this  research  and  should  be  addressed.  First,  the  response 
organization  which  characterized  dual-task  performance  in  the  whole-task  groups 
was  very  likely  still  developing  at  the  termination  of  practice  on  day  2.  It 
is  not  clear  whether  this  alternate  organization  would  eventually  become  more 
similar  to  the  single-task  organization.  Second,  it  is  not  clear  whether  the 
apparent  lack  of  a  systematic  dual-task  response  organization  for  the  part- task 
groups  was  simply  a  matter  of  insufficient  whole-task  practice,  or  whether  the 
extensive  single-task  practice  may  have  actually  impeded  the  development  of  a 
dual- task  organization  in  the  whole-task  condition.  Extending  the  practice 
regimen  and  increasing  the  sample  size  should  help  address  both  issues. 

We  also  recommend  that  further  research  in  dual-task  performance  is  needed 
to  address  patterns  of  proficiency  and  response  organization  in  Conditions 
where  both  tasks  facilitate  response  organization.  The  evidence  is  clear  that 
human  performance  in  tracking  is  enhanced  when  the  task  is  designed  to  facili¬ 
tate  response  organization.  It  is  not  clear  whether  additional  design  consider¬ 
ations  should  enter  in  when  designing  a  multiple-task  environment,  based  on  the 
facilitation  of  appropriate  response  organizations.  If  so,  these  considerations 
are  not  clearly  known  at  this  time.  Multiple  resource  theory  offers  an  estab¬ 
lished  starting  point,  but  the  possibility  that  response  organization  can  com¬ 
pensate  for  resource  competition,  given  properly  designed  tasks,  has  not  been 
explored.  Such  research  would  aid  the  design  of  complex  environments  and  the 
development  of  theories  of  human  performance  in  these  environment?.  Again,  we 
recommend  that  the  pursuit  of  these  goals  must  be  based  oc  a  program  of  experi¬ 
mental  and  correlational  research,  using  a  variety  of  tasks,  extensive  practice, 
and  large  samples. 
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